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1 SUMMARY
The optical portion of a Linear Solar Module has been
refined, adapted, prototyped, and evaluated. The ultimate
I
objective is a modular-type solar simulator capable of operation
within a space environment facility.
The module uses a mercury-xenon or xenon short-arc source
in an on-axis system consisting of segmented reflectors, one
or two lenticular plates, and baffles.
This program has confirmed the design concepts and mathematical
models used by Linear, Inc., and the performance of the
prototype optical system clearly indicates that efflciencles
of 25 to 30 per cent can be achieved within a 15 inch module
diameter using a 2500 watt source.
The advisability of a wider angular distribution specification
has been indicated. The ability to meet a much tighter uniformity
specification has been shown. Excellent spectral uniformity,
due to an almost complete absence of chromatic aberration
plus spectral integration by the lentlcular plates has been
demonstrated.
,j
Revised speciflcations have been discussed. The requirements for
a complete engineering prototype have been mentioned and a
brief outline of a program to produce it, given•
2 INTRODUCTION
2.1 Problem of large-volume Solar Simulation
Solar Radiation is one of the most important factors
in space environment. Space systems are designed both
to utilize solar radiation and to avoid i_cs harmful
effects. Accurate simulation of solar radiation is
essential to accurate testing of a space system. The
problems of providing solar simulation capability have
grown more severe than in any other area of. space-envlronment
simulation. As _pace equipment has become larger, the
volume to be covered by the simulator has increased.
Running time requirement has increased, because of longer
anticipated space missions. The larger zones of radiation
required and the low efficlencies that have been
achieved have made interruptions in the vacuum walls
for relay of radiation from outside the chamber less
and less feasible, _particularly in view of large guard
vacuum spaces between double walls. Because of low
efflclencies, initial equipment costs, and to an even
greater extent, operating costs have increased to
prohibitive levels.
Simulation results have been far short of the effect
of actual phenomena in spite of major expenditures.
Exact duplication of solar radiation would requirez
1. Radiation intensity variable from 50 to
275 watts/sq, ft. for the portion of space
+i
i _2.
+ ++ ",+ 2,1 +cont.
• . . • + + +
' 2
"between the orbits of Venus and Mars..
_30 watts/sq, fto at Earth outside the
atmosphere. )
Radiation intensity uniform both across
the test area and in depth throughout the
test volume. Such uniformity applies not
only to total energy but likewise to the
.+
.+
energy in each spectral zone,
3.._rgy with the same spectral distribution
as zero air mass solar radiation.
g Collimation of the energy to within a
0.4°half-angle for the high intensity and
within 0.2 ° half-angle for the lower
intensity.
5. Provision for the prevention of stray
radiation and for the prevention of the
re-refl_f flux reflected from the test
obJect.
Each of these factors is achievable individually, but
the combination of them all is not attainable to any
high degree of accuracy, because of economic and
technological limitations.
In specifying a large solar simulation system in the
near future, the_reatest skill will berequlred in the
balancing ofs
i. Degree of accuracy or deficiency in the
simulation of each factor,
2. Initial cost and operating costs, and
3. Test requirements.
2.1 cont. 1
i
None of these should take precedence. In the best
balancing they must interact.
2.2 Objectives of the Current Program
The ultimate objective of the •WOrk performed under this
contract is "a modular-type solar simulator that is
capable of operation within a space environment and is
complete with power supply, control, housing, and cooling.
An array of these modules would simulate solar •radiation
throughout the test volume.
This program was restricted to the refinement, design
adaptation, prototyping and evaluation of the optical
component of the Linear, Inc. "High _nergyASlmulator."
This Linear Solar Module was based on the use of a
xenon short-arc source in an on-axis system utilizing
lentlcular lenses for direct beam irradiation of the test
area. This module was designed to achieve the following
goals s
i. Efficiency essentially twice that of the best
efficiency previously attained.
2. Uniformity of spectral distribution.
3. Covering dark areas caused by lamp failure
by means of reserve modules.
4. Extending running time capability by means
of reserve modules.
5. Two or three times the basic array intensity
by means of multiple array operation.
6. Reduced equipment and operating costs.
7. Prevention of stray radiation and re-. reflection.
2.3 Scope of the Current Program .
The program was strictly limited to design adaptation,
prototyplng, and evaluation of the optical portion of the
module.
Source. - A 2,500-watt mercury-xenon short-arc lamp
(anode-down operation) was specified. The.most basic
limitation in present solar simulation is found in the flux
source. The only source with any degree of demonstrated
capability for contlnuog-duty application is the short-arc
lamp. It is true that the various available short-arc
lamps have certain deficiencies, yet it must be accepted
that any major space simulation facility, scheduled to
become operational in the next two to five years, is
essentially commited to the short-arc lamp for solar simulation.
While information on this and similar sources has more
recently improved, the available information in dlrectlDnal,
total, and spectral flux measurements on these sources was
inadequate early in the program, and especially during the
design-adaptati0n phase. Although further measurement was
considered, design adjustments were c_mpleted without it. No
'i
other brands or types of lamps were evaluated since, w_thout
lengthy tests, comparisons of life and spectral ,
characteristics qulcEly appeared to be tenuous.
Detailed spectral distribution measurements and evaluation
also were _utside the scope of this program. Spectral regions
were important in evaluating spectral uniformity and quite
helpful in evaluating some other operating characteristics,
but careful evaluation of spectral distribution is a
2.3,cont.
significant effort in itself. Information included on
spectral distribution, as such, was derived only
incidentally from these other efforts.
Tarqet Parameters ` - Target parameters for a primary array
were stated as follows s
I° Collimation and uniformity of inte_slty are
to be maintained within a range of 20 to. 60 feet
from the module.
2°_ Half Angle of collimation shall be two degrees
for ninety (90) percent of the energy.
3. Intensity in the target zone shall be 1.2 earth
solar constants a_ rated power after twenty (20)
hours of running time on lamp.
4° Uniformity Of intensity shall be + 5 percent when
measured with a one (1)-foot-square sensor in an
infinitely large array, and + 50 percent when
measured with a one (1)-inch-diamter sensing
area.
It should be emphasized that the foregoing were, exactly as
labeled, "targets" and that they were open to discussion and
balancing throughout the program, when and if necessary.
.Evaluation t - Evaluation of the prototype, under the program
as originally established, called for the measurement and
evaluation of the prototype module operation with a total
radiation detector for:
i. Flux Intensity,
2. Uniformity of Intensity, and
3. Colllmatlon.
2..3 cont.. 1
Program, - The optical evaluation and design adaptation
was conducted in conjunction with John R° Miles Corp.,
as subcontractor _Fabrlcatlon of optical elements was
subcontracted° Measurement and evaluation were performed
at the facilltltes of Linear, Inc.
3 OPTICAL DESIGN ADAPTATION
3.1 Linear Solar Module #0430
The Linear Solar Module #0430 was designed to provide a
solar simulator module of greater efficiency, greater
uniformity, and lower cost than had been achieved in previous
designs. The design also provided for stacking up to three
arrays and for continuous operation inside an evacuated and
cobled aerospace environment chamber.
The complete module consists of a sealed housing with
provisions for cooling, a regulated power supply and ignition
system, a lamp and optical system, and provision for remote
monitoring and control.
The problem of designing the optical portion of the solar
simulator module can be summarized very briefly. First a source
must be chosen on the basls of radiating efficiency, spectral
distribution, life, physical geometry, and radiative geometry.
Next, an optical system must be designed to deliver the _':_
maximum possible flux into the target volume within the
acceptable limits of angular distribution and uniformity
df flux intensity. The design of the optical system must
balance total flux collected against losses due to absorption,
unwanted reflection, and vignetting of energy magnified to
excessive angle. Finally, provision must be made to remove
unwanted flux.
3.1..1 Choice of Source. - The short-arc lamp was chosen as
the source for the Linear Solar module #0430 because of
superior life, radLiating efficiency, and differential radiance.
(1) (2) (3) (4)
3.1.1 cont.
Specifically, an anode-up, xenon, short-arc lamp was
chosen.
3.1.2 Optical System. - Every reflector surface and lens
surface and every millimeter of lens path in an optlcal
system causes loss due to absorption or unwanted reflection.
Thus from an efficiency standpoint, we can state as a
truism: 'All other factors being equal, the number of
surfaces and the millimeters of lens path should be
minimized.' In more useful form, the statement becomes a
design criteria to use the fewest surfaces and _he shortest
lens path possible. Any increase in surfaces or lens path
must more than offset the loss introduced, by permitting
added collection within the acceptable an@le and uniformity.
3.1.3 Optical Conflquration of #043. 0 , - Figure 3-1 is a
schematic of the optical configuration of #0430. A reflector
segmented into three pieces collects flux from the anode-up,
short-arc lamp, and directs this flux toward an annular focus.
The reflector is an angularly displaced ellipsoid. The flux
is intercepted by a lenticular plate prior to focus. Each
lenslet on this plate forms an image of the arc. The target
volume is irradiated by an integration of these separate
images. A second lenticular plate may be used at the focus
of the first lentlcular plate where a relatively square
beam-lntenslty profile is desirable .
3.1.4 Summary of #0430, - Module @0430 achieves collection over
a wide angle using only one reflective surface and requires
only a single lens element to direct the flux into the target
volume. This basic design provides mechanisms for achieving
3.1.4 cont.
excellent uniformity of irradiance (including uniformity
by spectral zones) and a wide choice of beam intensity
patterns. The efficiency of this design is high and it
can be manufactured at a relatively low cost.
In arriving at this design, Linear, Inc. considered a wide
variety of possible configurations including multiple
reflectors and complex condensing lense systems. While this
theoretical work preceeded the current program, some of
these considerations are discussed later in this chapter.
3.2 Westinghouse SAHX-2500F, Mercury-Xenon Short-Arc Lamp
The Westinghouse SAHX-2500C anode-down, mercury-xenon,
short-arc lamp was specified for this program. Early in
the program, Westinghouse advised that this lamp was no
longer in regular production. Thay advised that they had
modified this design to reduce arc wander and shadowing and
improve maintenance of output. The revised lamp, SAHX-2500F,
was therefore used in this program. Figure 3-2 is an outline
drawing of the SAHX-2500F. Table 3-1 is the manufacturer's
technical data. Figure 3-3 presents the polar radiation
diagram. Figure 3-4 is a plot of iso-brlghtness contou£ lines
_
for the SAHX-2500F. (2)
\\
3.3.1 Definitions and STmbols , - (8) (9) (7)
W- Enerqv.- Energy is used as in classical physics.
P - Power. -
F - Flux. -
(s) (6)
It is conserved. _7) Energy is a scaler
quantity. Typical unit is the Joule.
Power is change in energy per unit timei Because
energy is conserved power must always refer to the
flow of energy from one volume tO another or to
the conversion of energy from one form to
another. Power is a scaler. Typical unit is the
watt.
I
A line of flux is a power flow vector. A flux field
is a vector field describing the flow of power
thru'a volume (or through a surface. ) Flux can
also be used as a scaler to indicate themagnitude
of power flow. Typical unit of magnitude is the
watt.
E - Intensltv.*- Intensity is flux density. It is the amount
of flux passing thru a unit area normal to the
flux. Intensity is a vector quantity and has the
same direction as the flux. Typical unit of
magnitude is the watt.
*In some references intensity is defined as the
flux per unit solid angle. The symbol is then
usually I. We caution that as used in this
report intensity is always the classical field
intensity - i.e. flux density on an area basis,
and the symbol is E.
H - Irradlancej - Irradiance is the projection of the intensity
/
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i
vector upon the unit area vector. Thus
Since H is the inner product of two vectors
(3-z)
intensity is required
angle _0in solid is
where I _is I as a function of angle.
C3- )
where R is distance from the source.
The concept of radiance is most useful when applied
at a distance large enough so the source can be
considered a point source. When the source must be
treated as finite, a small portion of the source area
dA will be assumed to have an incremental radiance dI.
An integration over the entire source will then
produce the radiance I. Radiance is a vector. Typical
units are watts per steradian.
Collimation, - Bringing rays of light parallel with each
other, or parallel with an axis or normal.
Collimation Anale. - (Common usage) The angle between a ray
of light and the system normal. ,:
Collimation Anqle .....- The arc subtended by the field as viewed
from the source.
it is a scaler. Dimensionally H is the normal
component of the intensity, thus typically watts
per cm 7". :7
!.-Radiance. - Radiance is the flux emitted per unit solid
angle. If the radiance is known the total flux
.3.3.2 Characterization of a Radiation Field, -A magnetic
field can be described by assigning one vector to each
point in space. The length of the vector is proportional
to the magnitude Of the magnetic field at that point, and
the direction of the vector is the direction of the magnetic
field at that point. Regardless of the number of sources,
only one vector is required at each point"in space, because
the fields sum and a resultant field is formed. Thus, two
equal and opposite fields cancel. Two fields at 90 ° to
each other produce a new field at an intermediate angle. (10)
Incoherent electro-magnetic fields in free space are
non-interacting. The fields from several sources will not
sum. A complete description of the electro-magnetic radiation
in a volume of space requires a vector from each point in
every direction. These vectors cannot be summed to find a
resultant. Therefore, the description of an electromagnetic
field ks much more complex than the description of an electric
or magnetic field. This type ofdescriptlon ks extremely
cumbersome and would be almost impossible to work with and
certalnlyuneconomlcal.
One method of simpl_f_'ing this problem is to assume that
the source is 1_11 enough'_.tO_be characterized as a point.
0"
A single point source will produce only one vector at _each
point An space. Unfortunately, in the practial design of a
solar simulator, the point source assumption leads to gross
error between theory and practice.
Let us examine two examples to see why thepoint source
3.3.2 cont.
assumption causes unacceptably larg e errors. The
SAHX-2500F source has an arc radius of at least 6
millimeters based on the manufacturar's data. (2) The
focal length of reflector element number three of the
proto_ipe produced in this program is approximately
25 millimeters. Since the arc radius is at least 25%
of the focal length, the requirement tha_ arc radius be
a negligible fraction of focal length has clearly not
been met, and the point source assumption must not be
used.
The use of an element of so short a focal length is
Justified by the results produced, as later chapters will
show.
The top edge of reflector element number one of the
prototype produced in this program ks 42 milllmeters from
the arc center. At this point on the reflector a 6
millimeter arc subtends a half-angle of 8.1 °. Since this
half-angle is far in excess of the desired field-angle the
point source assumption will clearly cause erroneous
results.
The worst facet of making the point source assumption is
the distortion created in the conception of the problem.
Excellent solutions are erroneously rejected and poorer
solutions are retained.
Since the use of the point source assumption is unacceptable,
this assumption has never been used in this program. The
source ks always treated as a finite radiator.
3.3.2 cont. 1
The problem of characterizing the radiation field remains
as difficult as before. Fortunately, there is a far better
solution. In any medium of homogeneous index of refraction,
with respect to both space and wavelength, light _ravels
in straight lines. Further, at any reflective surface,
the light changes direction to a new straight llne in
accordance with the law of reflection, and at any boundary
between media of different indexes of refraction, the light
assumes a new straight llne according to the law of
refraction. (11)
Since light flux travels in straight lines, the lawsof
euclidean geometry can be applied to predict the radiation
field at one surface from a knowledge of the field at
another surface. The requirement is that the complete
radiation field be defined on a continous surface enclosing
all of the sources.*
, , l ,,, ,
*This requirement can be relaxed when the radiation field
ks to be defined for a limited part of space.
!
The field may now be defined on any surface outside the first
surface. It must be recalled however, that to define the
radiation field on the first surface, one must define the
intensity field in every direction for every point on the
surface. Alternatively, the radiance can be defined as a
function of direction for every point on the defining surface.
3.3.3 Power. - The electrical power input to the source will
be referred to as Pt- Since energy is conserved, on a thermal
steady-state basis, the entire input power must appear as
some form of output power. (7) A large part of this power
3.3.3 cont.
appears as radiant energy. S_ne of the input power
is removed by heat conduction thru the electrodes _0
the clamp and leads. Some of the input power is removed
by convection from the bulb and leads. Power lost thru
conduc_on and convection is not useful in a solar
simulator. Further, not all of the radiated power is
useful. Power radiated by the bulb, the stems, and most
of the electrodes originates too f_r from the arc to be
usefully accepted by the optics. If such power does get
thru the,. optical system, it will probably exit at an
undesirable angle and may have to be removed by stops
or baffles.
However, it is not correct to separate radiant energy
into arc and electrode radiation and count _he former
and discount the latter. Radiation from the hot cathode
tip may originate well within the arc volume and may be
quite useful. On the other hand, some of the arc
radiation may originate from an area which the optics
cannot accept.
Some ofThere is another limit on useful radiant power.
the power radiated may lie at wavelengths shorter or longer
than the optical system pass-band. The loss that results
could be considered a reflection (or transmission) loss,
but it often simplifies the analysis to remove radiant
energy which is well outside the pass-band from consideration
at the onset.
Now the return to the consideration of a source with input
power Pt- Within some defined optical band (_ l to _ ), and
originating from some defined arc volume Va, the source
3.3.3 cont. 1
radiates a power Pr" The radiant efficiency of the source
is now defined by
Radiant efficiency = _ (3-4)
It should be clear from the foregoing that radiated power
(and thus radiant efficiency) is a function of optical
pass-band and arc volume. When radiated power is measured,
then_ optical pass-band is set by the paso-band of the
radiometer and arc volume is set by the acc.eptance angle
of the radiometer. In view of this, it is remarkable to
note that the optlcal pass-band and acceptance angle are
almost universally omitted from published data on radiant
efficiency. Such omission severely limits the usefulness
of the data.
All power not usefully radiated will ultimately appear as
unwanted heat, and will have to be removed from the chamber.
The necessity of removing this power places an extra
bonus on high efficiency.
, then module output, Po is given by
The area which one module can cover is now deriveds
Consider a given source of input power Pt and usefully
radiated power Pr and assume that an infinite array of
modules is to produce an irradiance in the target volume
of at least Hs. If the optical efficiency of the module is
(3-5)
(3-6)
In hexogonal array, the projected area covered by each
where Ru is one-half the center-to-center
distance between modules.
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Returning to equation 3-6, and equating Ah from equation
3-7 and Am we find
3.4644R 2 _ _--_ and therefore,
Thus we have established the maximum allowable effective
module r_dius (_) for a required irradianse (Ks), a given
useful radiated power from source (Pr) , and an overall
module efficiency. _).
At this point, it is important to realize that in a general
sense both_ and Pr are functions of module radius, and both
will tend to decrease as module radius decreases. This
will be further developed later, but at this point we can
note that Ru will: be described by an equation of second
or higher order.
3.3.4 Uniformity in the test volume• - A primary requirement
for the simulated solar radiation in any chamber is that
it be uniform. By uniformity, we mean that a test area
held perpendicular to the normal of the simulator, will
receive the same irradiance regsrdless of where it is placed
in the working volume.
For a modular simulator, it is necessary to derive the
restrictions applicable to the module in order to achieve
uniformity in the test volume. Consider an infinite array
of similar modules mounted on a ceiling or wall of the test
Volume. A first look on a very elementary level suggests
that perhaps the module itself should be uniform. Suppose
the module projected a perfectly collimated beam with a
; ]<'-_k'_-V -
>
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As used here, beamsquare beam irradiance profile.
profile is the_;_rradiance measured along a llne Passing
thru beam center cutting across the beam. (See figure 3-5. )
The dian_ter of such a beam would be equal to the module
exit pupil and would remain consent to infinity . Clearly
to avoid holes exit pupils would have to cover the entire
wall (or ceiling) without interuption by-additional optical
I
elements or supports. Moreover, consider the effect when
a module is imperfectly aligned. Its beam will skew leaving
a dark hole 6n one side and creating a factor-of-two hot
spot on the other side. Clearly, the perfectly collimated
module makes unlfcrm irradiance difficult if not impossible.
In fact even with a less than perfectly collimated module,
experience has shown the_e matching dlffi_ulties to be far
from academic.
Nor does a rounded beam irradiance profile help a collimated
module. Since each module covers its own volume, a soft
profile would cause unacceptable intensity variation.
We must accept the fact that arcs are not perfectly symmetrical,
sources vary somewhat from one to another, and optics can never
be perfectly aligned. We require a solution to uniformity
from an array of modules which tolerates the imperfectness
of real-wor_ modules as contrasted with the perfection of
those which have been too highly refined on paper. In short,
this becomes a problem of fitting irradiance patterns
together without excessive holes or hot-spots, even though
the patterns are not perfect in symmetry or alignment.
It becomes intuitively obvious that the solution requires a
bean wlth a soft irradlance profile. The soft edges of two
FIGD_E 3-5
BEAM IRRADIANCE PROFILE
MODULE BEAM " "_'___
- IA
The irradlance is measured'along the line A-A.
iI/
IRRR_I_c E PROF ILE
o, ..
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When the irradiance drops from maximum to zero very rapidly,
then the profile is termed hard, and when the irradiance slopes
more gently to zero, then the profile is termed soft.
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patterns merge gradually and slight misalignments no longer
cause drastic peaks and valleys. The actual beam
irradiance profile required depends on the size and shape
of the module exit pupil, the geometry of the array, and
the center-to-center distance between adjacent modules.
Figure 3-6 shows the effect of misalignment with a
perfectly collimated and therefore absol_tely hard profile
and with a soft profile.
There are a wide range of beam irradlance profiles which
can produce an acceptable uniformity pattern. The requirement
is to find one acceptable profile.
The beam irr_diance _;ofile is a complex function of the
angular distribution of power from each point on the module
exit pupil.
The statement that beam divergence or collimation is related
to uniformity versus depth in the test volume is sometimes
seen in the literature. The statement is true for a single
module. For an infinite array or for positions away from the
skirt of a finite array, the statement is completely incorrect.
At any position for which the array can be considered infinite,
if a surface is placed parallel to the simulator normal, then
based only on symmetry we can assert that equal flux cuts the
surface on both sides. This will be true for any such surface.
If we erect a cylindricai surface, we can demonstrate that the
amount of flux carried into the volume by divergence is equal
to the amount carried out by divergence. Thus for a large
array, small collimation angle is not a requirement for
uniformity. In fact, we have seen that a very small collimation
angle requires a hard profile in order to avoid excessive
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peaks and valleys but that this hard profile creates severe
alignment problems.
3.3.5 The Anqu_ar Distribution of FIu_x. - In section 3.3.1,
flux and intensity were defined as vector quantities. Flux
and intensity have a defined direction in space. Let usfcall
the angle between a flux or intensity vector and the simulator
normal Note that a flux vector can have angle _ and still
assume an infinite number of positions by rotating around
the normal. In other words, _ defines all the flux vectors
contained on the surface of a cone of apex half-angle _ .
This is illustrated in figure 3-7.
_ is of prime importance, because it is the angle at which the
flux will strike a surface which is perpendicular to the
normal. _ is also the angle at which a flux vector diverges
from a normal dropped from the vector source end.
It is extremely important to appreciate the significance of the
angle _. Therefore, we examine step-by-step all of the
implications of _.
Flux at angle
according to the formula 3-1,
Thus, for a given intensity E, at angle _, the irradiance H is
proportional to cos _. Note however, that the cosine of 5° is
.99619 and the cosine of 8° is .99027. Since most of the flux
will be well within these angles, we are Justified in ignoring
the cos _ term and equating intensity and Irradiance for the
normal surface.
I
to a surface normal irradiates the surface
FIGURE 3-6
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Assume a surface in the test volume parallel to the normal.
If all flux was at _ = 0, the surface would receive zero
irradiation since all'flux would be parallel to the surface.
When some flux has angle _ then hhe surface irradiation is
non-zero. This effects the computation of the radiation being
received by the object. Another way of stating_thls is that
shadowing is a function of the distribution of flux by
angle _. Note however that if the distribution of flux by _
angle _ is known, shadowing can be computed for any angle and
charted for rapid use. On the other hand, if the complete
distribution of flux as a function of _ is not known, then
shadowing cannot be computed. Thus, knowledge of the complete
distribution is essential.
It is t_nptlng to define the distribution of flux as a
function of _. with some simple number, such as collimation
angle, or field angle, or beam divergence. These expressions
are all limiting expressions. They define various maximum
angles, but they tell nothing at all about the actual power
distribution_within these angles. Knowing the point at which
a function goes to zero is of little value when the function
itself is unknown. Especially since it is the bulk of the
power we.'are interested in and wish to account for. If the
bulk of the power behaves properly, the question of whether
the last few per cent exit at _= 5° or p= 25 ° is trivial,
for this residual is the easiest to remove with stops or
baffles.
The distribution of flux as a function of _ is a function of
the source and the optical system. It can be controlled within
cer.tain limits in the optical des_n.
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To appreciate the inadequacy of collimat&on, field angle,
and divergence, refer to figure 3-8. The distribution of flux
as a function of _ is charted for three hypothetical modules
with identical exit pupils, collimation angles, field angles,
and beam divergences. Yet the distribution is completely
different for these three modules.
The concepts of collimation angle, field angle, and beam
divergence are too weak for the proper discrlption of a solar
simulator and we shall use the more complex but far more
accurate concept of the distribution of flux by angle.
A point source radiates in all directions. By means of an
optical system (for eKample a spherical reflector and a
parabola) the flux from a point source can be brought perfectly
parallel. Such a source has been perfectly collimated.
The statement is sometimes made that a parabola is not a
collimator. This statement can be examined from the point of
view of the formal definition of collimation angle: 'The angle
subtended by the field as viewed from the source.' For the
classical parabola of infinite length, the angle subtended by
the field is zero and the classic, infinite, parabola is a
collimator. For the finite parabola, for a view from the
source toward the mouth, the angle subtended by the field is
non-zero, thus the finite parabola is not a collimator. However,
if the view toward the mouth is stopped or if the spherical-reflector
is properly placed, then the collimation angle again goes to
zero and the parabola-stop or parabola-spheric is again a
perfect collimator.
FIGURE 3--8
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A finite source radiates in all directions, but the radiation
does not all come from a single point. A finite source can
never be perfectly collimated (lasers excepted. ) The proof
of this is quite simple. If a finite source could be perfectly
collimated, then the perfectly collimated beam could be
intercepted by a p_,rabolic reflector and would be brought to
focus at a true point at the center of th_ parabola. The
irradiance at this point would be infinite. This would violate
the second law of thermodynamics. Therefore, perfect
Collimation of a finite source is not possible. (7) (10) (11) (12)
The angle of divergence is set by the source size and the
distance to the first optical element. This is illustrated by
figure 3-9. It is seen that
o<=_ and thus,
IJ-
(3-1o)
(3-11)
= arctan
The angle _<may always be degraded by subsequent optics, and
the distribution of energy versus o< may be atered, but it is
impossible to improve the mean energy distribution by
regardless of what subsequent optics may be used. If this
could be done it would lead to a violation of the second law
of thermodynamics, and one could build a perpetual motion mach_d_e_'_h_
of the second klnd. (7) _(12)
It was shown that the half-angle o< was determined by source
radius and distance to optics, In general, the source _radius
may be a function of angle of view and except for a sph_erical
•element, the distance to optics will differ with angle. Thus
c<must be determined by a summation of all views and all portions
of the optics.
FIGURE 3-9
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3.3.6 Source Representation, - The source is an arc
occupying some volume in the general region of the
electrodes. Throughout the arc volume, ionization and
recombination with the attendant release of radiation
takes place. However, some of the radiation traveling
thru the arc volume will be absorbed and re-radiated.
This phenomenon raises the percentage of r_diation which
appears to originate from near the surface and can be
looked upon visually as opacity.
The arc is neither a true surface radiator nor a true
transparent volume radiator, but rather it is somewhere
in between. Figure 3-10 depicts an arc occupying a
volume in space being viewed from a point Pr- The figure
is drawn with the point of view and the arc center both
in the plane of the paper. R is the distance from arc
center to Pr" Imagine some portion of the arc radiating
in all directions. Point of view 'Pr' can only receive
the radiation directed toward it. Now let us assume that
the point of view Pr is the center of a small area dA r.
This incremental area subtends some incremental solid angle
d cu from each point on the arc. Let Us consider the vector
T from the center of dA r to a given point in the arc volume
Ux,y,z. (U is a point in the three-dimensional space which
the arc occupies, thus Uxy Z.) At first it would seem that
we must compute the radiation from every U in the arc
volume. However, this is not required. Let a vector T
from the point Pr pierce the entire arc volume. (Figure 3-11).
There are many points along this vector T. For radiation
from any of them to reach the area dAr, such radiation must
travel along T. Thus, all radiation can be described by
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stating the flux along each vector T. (i0) (13)
Let us erect a plane perpendicular to the radius vector
R, and containing the arc center. There is a one-to-one
correspondence between the set of all vectors thru the
IT] and the set of all points on the plane. We shallarc
call this plane the 'arc defining plane.' Figure 3-12 shows
a vector T from a point Ps on the arc defining plane to
Pr at the center of dA r. Now let us construct the solid
angle d_u centered on T. The angle _ is the angle subtended
by dA r. Finally, we shall allow the point Ps to become the
vem/small area dAs.
We wish to write an equation for the flux going from dA s to
dAr. Another way of saying this is that we want the flux
radiated in solid angle dtu from area element (of the defining
disc) dAs. Thus we need to know the amount of flux per unit
area per unitAangle coming from Ps in direction T. Let us
call this the differential of radiance with respect to area
%
and assign the symbol I'. Then
3['- (a-12)
The subscript S is placed after I' and F to indicate that
these quantities will have to be defined over the entire arc,
which as we have seen, means over the arc defining disc.
We can now state that the increment of flux in angle d_ from
area A s is j _
(3-13)
The next step will be to integrate dF over the source disc to
find dF, the incremental flux arriving at A r due to the entire
source. However, before we do this, we shall develop a
coordinate system to describe the position of Pr with respect to
FIGURE 3-12
RADIATION IN du_ FROM dA s TO dA R
plane
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the source, and a coordlnate, system to descrlbethe
position Ps on the source defining disc.
Figure 3-13 shows the source viewed from the side (stems up
and down. ) Any of several coordinate systems might be chosen,
but due to the rotational symmetry of the source, the polar
system is most useful.. (In array computations the cartesian
system may be preferred, however it is still • far easier tO Work
in polar in the module and transform for array _computations. )
The radius vector from the source center to any point in space
is denoted by R. The magnitude of R is the distance from source
center to the point, and the angles _ and 0.describe the
vector direction. The direction of the bulb stem which points
toward the e_it pupil is taken as _ = 0 °. The angle _ is thus
measured from optical axis or module normal. The angle 0
describes position around the source. Q is the symmetry angle.
Thus a change £_0 usually produces no change in the various
parameters. We must take note of two important points.
I. Source (arc) center is an arbitrary point and it
will have to be defined as we progress.
. The optical axis of the module (which alternatively
may be called the module normal) is always assumed
to pass thru the center of the arc and thru the
focus of all symmetric optical elements.
Figure 3-14 depicts the source defining plane (in the plane
of the paper) and a generalized disc. The disc is the projection
of the vectors T upon the defining plane. The center point is
the vector R from the arc center to the point from which the
arc is being viewed (Pr). Since the disc is normal to R, the disc
FIGURE 3-13
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assumes angles _, 0 with respect to the module and source•
Since 0 is an angle o_ symmetry the disc will be independent
of 0. However t it appears that we must define a different disc
'1for every possible angle _ and distance _R ,. In theory,
Iwe would require a new disc for every _ and IR • In practice
we shall show that for the range of interest a disc can be
defined which will be reasonably •accurate for any )R 1 , and the
change in disc with @ can be applied to the entire disc as
a scaler multiplier. These results are most valuable because
they reduce the source representatlon to a single disc and
a scaler function of _.
Let us assume a disc has been derived fore some point P (_, 0,
I_ ). Now suppose we hold _ and 0 constant and vary !R_ , and
suppose we ask how the disc will change. It is obvious that
the vector to any given point on the disc will assume a new
angle with respect to R as we change IRI . Thus this vector T
no longer cuts the same set of points in the arc volume. Further,
this vector T now has a new direction with respect to the
normal R, and this angle (_) relates irradiance to intensity
with the function cos _<. The change in radiation which occurs •
due to the new set of points pierced by T depends on the nature
V
of the arc. A surface radiator would produce one function and
a volume radiator another. We have already assumed the arc to
be in between. We are going to assume that the total change in
I' as IR_ is changed is proportional to cos4_where_ is the
angle between R and T. We note that the cos 4 assumption is made
by General Electric. (3)
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Also, the results are better for cos 3 so cos4 represents a
severe test of our thesis. The arc radius will be assumed
at 8 mm maximum. The optics will be assumed to be 40 mm
from the arc at the closest point. This ks quite close to
the bulb and it is doubtful if any optical element could be
placed appreciably closer. _ The distanceused by General
Electric to measure I' is 165 ram° The farthest possible
distance is infinity. The mean power weighted angle in
the prototype optics is 2°18 '. Now refer to table 3-2.
Cos4_ is shown for several values of R and r. For infinity
the term is 1.0000. For the near point of 40 mm and an arc
radius of 8 mm the cos 4 is 0.9247. Thus the deviation is
only 8% f_or the highest and lowest _RI. At the near point
of 40 mm and an arc radius of 6 mm the deviation is less than
5%. And for the mean power-weighted _= 2o18 ' cos 4 is 0.9968.
This is a trivial deviation. Thus, we have shown that we can
use a single model for all _RI and the cos4_ term can be
eliminated.
Now suppose we hold 0 and \RI constant and vary _. Two things
will happen. The total flux dF from the arc to area dA r is a
definite function of _ as shown by the Westinghouse source
data, figure 3-3. And second, the arc shape is a function of
because the arc is not symmetric with respect to _. In
fact, the arc is elongated along the _ = 0 ° axis (see figure
34).
To accomodate the change in dF r with _, we shall Use relative
values for the disc and multiply by a factor which will vary
with _. We shall call this factor G 4 (_)_ where G_ represents
a general function. The earliest available data for flux as
TABLE 3-2
COS4o< AS A FUNCTION OF R and r
R
40 mm
40 mm
165 mm
r•
8 mm
.
6mm
8ram
mmm
tan
0.2000 i
u.
0.1500
0.4850
_4 COS c_
, ' ,,,
8° 32'
2° 47 '
2° 18 '
O. 9806
0.9889
q
0.9988
COS 4 c<
Infinity O. 0000 0° 0'
< O. 9247
0.9563
0.9952
L • ,J ....
O. 9992 O. 9968
1. 0000 i. 0000
:. : _ i _
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a fUnction of _ was a curve of total radiation versus angle
_. The ratio of 'arc radiation' to total radiation at
_ 90 ° was also available. The flux versus _ total
radiation curve was multiplied by the arc-to-total-radiatlon
ratio at _ = 90 ° and the new curve was assumed to be arc
radiation versus _. Later in the program a curve of arc radiation
versus _ was received from Westinghouse (Tigure 3-3. ) Th_s
curvediffered somewhat from the curve derived earlier.
During the early phase of the program, we realized that the
ara defining disc would have a different shape as _ changed.
We also realized that the problem of where to place arc center
was complex o_ However, the data_ available at that time was
limited to arc-lso-brlghtness contours at _ = 90 ° (figure
3-4. ) Therefore, _ a model was constructed on the following
basis :
1.
2.
3.
o
The arc was assumed to be spherically symmetrical,
Differential radiance _as assumed to follow brightness,
Arc center was placed on the point of maximum
brightness, and
A radius vector was drawn on the _ = 90 ° isoqrightness
plot, thru the point of maximum brightness, along the
the line labelled A-A (perpendicular to the source
normal). The iso-brightness was plotted along this
vector and the vector was then rotated thru 360 °
to generate a symmetric dls_°
As we have stated earlier, the actual arc
the Iso-dlfferentlal radiance contours are not equivalent to
the iso-brlghtness contours. And the arc center on a power
centrold basis is not at the point of maximum brightness (nor
is elongated. Further,
° •
w
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these factors, the model produced a very respectable prediction.
Moreover, it is now possible to refine the model. With data
developed during the course of this program, we can now
define the arc center as the centroid of the differential-
radlance-radius product. The modal can be further refined
by making the differential radiance a function of both the
disc radius and the angle _o Finally, the'model can be based
on the iso-differential radiance contours which differ somewhat
from the iso-brightness contours.
If the differential radiance is developed as a function
of _ and _# thus _<_Y_ ) then the function _l (_> which
was used to cause the integral over the disc to be correct
in value for any angle _ can be omitted. However, we believe
is more useful and more revealing to normalize _7_it and
g .retain _ . Thus,
Data developed during the program showed tWO discrepancies
in the original model:
i. The original model extrapolated the
differential radiance exponentially toward zero.
Th_s caused the arc to appear quite large. The
data indicated that the differential radiance drops
rapidly to zero at the edge of t_e arc. Thus the
total arc _s _maller than the first model assumed.
2. The data indicated that the (radiance) X (radius)
moment was further from the center than indicated
by the model.
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Thus, the moment must move out, but the cutoff moves in.
The mOdule behaviour predictions made in this program were
all based on the original model. As the program progressed,
a reflned mOdel was often used in a semi-quantitative manner
to gain further insight into module behaviour. Thus the model,
the predictions, and the data constantly interacted.
The model which we have described has some noteworthy
properties. The simple basic fo_n allows rapid computation
and is remarkably accurate. Even the more refined form lends
itself to computation. A highly-sophisticated, three-dimenslonal
model could probably be derived after many months of measurement
and study, but we doubt that such a model is in any way
deslreable. The problem would get involved in a maze of
computation and all insight would disappear. We believe that
the disc model we have developed is completely adequate for the
task of designing a solar simulator module. (9) (i0) (12) (13) (14)
5.3.7 Integration over the Arc Disc. - (14) (15) We
noted earlier (equation 3-13) tha_
_*e shall now imtegrate over the source disc to fimd dF R.
(3-].5)
()-16)
Since _i has been defined as a function of _ only, it can
be removed from the integral. However _E has not been
shown iudependent of r amd must remain inside the integral.
¥-_(}
interest, then we cam write
_,(_ is the weighting function for
_%(_) is a function expressing _ along W for the
tramsformed symmetric disc.
If the radiation in some spectral increment (_) is of
3.3.8 Inteqration over a Defininq Surface, - (14) (15) The
integral of equation 3-18"over _ and _gives the total
flux from the source. Thus
: _a (3-19)
This output will be Pr, the usefully radiated power. Note
that the integration with respect to _, &J, and _ can be
carried out over limited domains in order to provide the
useful flux within any desired wavelength limits, arc
volume, and solid angle. This equation can be rewritten
Pc "
(:3-20)
Equation 3-20 is obtained by performing the integration over
a sphere. This equation allows us to compare the measured
Pr from a source with the value computed from the functions.
The flux may be integrated over any surface which intercepts
all of the flux to be accounted for. When optical elements
are placed around the source, several possible surfaces can
be considered. The integration could be performed over the
surface of one or more of the elements, or the integration
could be performed over the surface of an image plane. In
general, the form of the equations will differ for different
systems, and there will be several possible forms for any
given system.
As an example t suppose we consider a source at the focus of
a paraboloid of focal length _. Figure 3-15 shows a small
FIeuP_ _-15
integration Over a Parabolic Reflector
Arc defining disc_
-
created by rotating on the exit plane as X
element dT thru _.
Area of projection
is 2_X dX
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area on this reflector .(dAR) receiving flux from the arc
defining disc. The area dA R subtends solid angle
Thus, modifying equation 3-17 slightly
(3-21)
The position of the area dA R is described b_ a vector R
from the arc center. 0 is a symmetry angle. Thus only
i_ and _ are of interest. A parabola with focus at the
origin, in polar coordinate is defined by ':
(3-22)
where _ is the focal length of the parabola. (16)
This equation relates R and _. Thus, we have only one
independent variable of interest. The flux striking the
reflector on the ring described by rotating an element _
thru all 0 is
(3-23)
Now we project the reflector ring subtending _ onto the
module exit pupil (figure 3-15). A radius vector projected
onto the exit plane is defined by
s;,,-,?
We eliminate R by using equation 3-22.
Thus
(3-24)
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And
(3-26)
(3-2?)
The area covered by the projection of the ring of the
thru e onto theparabola which subtends & _ rotated
exit plane is
The intensity at the exit plane is
_ ,r _ .. (5-28)
where g@ is the reflectivity.
Now let us substitute for X from equation 3-25; ':
Cancel and substitute for ar_/&_-- from equation 3-26 and
multiply by -I due to reflection of the limits,
_,f_ r ,. (3-30)
g..,f--..
(3-.52)
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l iil II l
z. (3 3))
Equation 3-33 expresses intensity at the exit pupil as a
function of _. Equation 3-25 relates _ to X. Equation
3-33 can be stated in terms of X by developing _ (X) as
a power series, but the complexity would limit the value
of the equation. The ( _ _) term of equation 3'-33
shows a very steep fall in intensity for points away from
the optical axis.
3..3.9 Flux Collection. " One of the tasks of the optical
system is to gather the flux radiating in all directions
and send it in the desired direction. In classical optics,
this is easily accomplished for a point source and an
infinitely large paraboloid. We do not have a point source
and the infinite parabolold will not fit _n our module, so
for us the problem is somewhat more difficult. In particular,
the following restrictions apply to the soluti0ns
I. The radius of the collecting system must agree
with R_ as defined by equation 3-9. This equation
establishes an upper radius limit.
2. The flux which is initially directed away from
the desired exit plane must be brought around the
source without returning through it.
3. The collecting elements must be clear of the source
.
and its supports.
The collecting element supports must not interfere
excessively with the transmission path.
5. The collector should mate with th,e rest of the
optical system to produce the desired beam pattern.
In addition to the requirements above, the collector elements
must be fabricated at reasonable cost, must hav_ a r_asonable
cost, _ z [ _ _ : :, and must be allgnable
without undue complexity or criticality.
There are an unlimited number of possible collection systems.
We will not attempt to classify them or to survey them. We
will briefly discuss a very few basic types where the
discussion bears upon the designs we have used.
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The ellipsoid with the source at one focus is one type of
basic collector. The source is imaged at the other focus.
Since the ellipsoid c_eates an image at a finite •distance,
another element is required to complete the coliimatlon* .
i
* Collimation _ used here to mean that if the source
were a point, then all flux would exit parallel. There is
no implication that flux from a finite source will be
parallel, because in fact it won't.
i i il i
The use of an ellipsoidal collector has several difficulties z
i. The flux radiating at large values of _will be
returned through the source,
2° If the ellipsoid is large enough to clear the
source and to view most of the arc volume, the
radius becomes excessive, and
3. The flux is brought to focus at a considerable
angle, and the second element must bend the flux
through a large angle to complete the collimation.
These problems can be alleviated by using an angularly
displaced ellipsoid. (An ellipse is drawn with the top
focus on the source, but the bottom focus is displaced from
the optical axis. This ellipse is then rotated about the
optical axis to produce the angularly displaced ellipsoid.
See figure 3-16. ) Further# progress can be made with a
segmented reflector, but we shall discuss segmented reflectors
in connection with paraboloids.
The paraboloid has some very attTactive features and some
major problems. The major advantage of the paraboloid is
that all flux which it intercepts is collimated.* Thus, if the
FIGURE 3-16
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parabolold can be made large enough to intercept the
required amount of flux, then we do not have to use a second
element to complete the collimation. In terms, of efficiency this
*Collimation is used here tomean that if the source were a
point, than all flux would exit parallel. There is no
implication that flux fr0m a finite sourCe will be parallel,
because in fact it won't.
, i ,,,
is a significant advahtage. A second large advantage is
freedom from chromatic aberration. Since the flux exits
from the parabolold already collimated, the_is no need to
use refractive elements to bend the rays. Reflectors are
substantially free from chromatic dispersion,, whereaswlth
refractive elements made only from quartz .disperSion becomes
a major problem. The advantages of the parabolold are major,
and it is desir_le that an attempt be made to •solve the
difficulties so as to realize these advantages. The
difficulties are as follows:
The flux radiating at large values of _will bei.
returned through _the source. •
2. If the paraboloid is large enough to clear the
source at the top and to view the majority of the
arc volume, then the maximum radius becomes excessive
.
(if the flux at small values of y is to be collected.)
The intensity is very high at the center of the
parabola and falls as 5_-_ as the edges are
approached.
The basic problem wlth the paraboloid can be restated as
follows :
•I. If the focus of the paraboloid is short, We arc
volume subtends an excessively large angle at
reflector points_the vertex, and much flux will
.be returned through the source.
If the focus of the paraboloid is long, the mouth
end cannot collect flux at small angles of _ without
exceeding the allowable module radius.
Fortunately, two excellent methods may be brought together
to solve the problems of the parabolold. One method is
tipping and the other is segmenting. Refer to figure 3-17 to
observe a tipped paraboloid. A tipped paraboloid is generated
by rotating a parabola around its focus in its own plane
(through _.), and then rotating the plane about the optical
axis (through G). The rays of light are angularly tipped at
the same angle as 'the parabola. The light must be tipped back
parallel to the normal. This can be done with. refraction or
with reflection from a cone. The latter method is favorable
because it does not produce chromatic dispersion,
Segmentation can have a number of meanings.. As used here, we
mean a reflector system with different segments for different
zones of _. Segmented reflector systems include fresnel _
reflectors with hundreds of elements as well aS systems with
only two or three elements. Also, the edges of the elements
may Join or may be separated. The statement is sometimes seen
that segmented reflectors have high loss. Like most
generalizations this statement is. not very good. When speaking
of loss one must first define the ground rules. For example,
consider two hypothet±cal reflector systems A and. B.
System A intercepts 95% of the available flux and 85% of
ali intercepted flux ks brought down. Thus,
_I_U_E 3-17
Tipped Parabola
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this system has an overall efficiency of
.85 X .95 = .81.
System B intercepts only 75% of the available flux,
but brings down 92% of all intercepted flux
for an overall efficiency of .75 X .92 = .69
System B has lower 'loss' if the per cent of flux intercepted
is ignored. But by an_criterion of value in solar
simulation, system A is better.
The losses in a fresnel reflector with hundreds of steps may
ge_ very high. Segmentation loss in a segmented system of
three to six elements may be zero for a point source and less
then 10% for a typical arc. The gain due to additional flux
collectlon can easily outweigh the loss.
The beauty of the segmented system is in its ability to deal
with the specialized problems of collecting flux over a solid
angle of almost 4 Tr. The flux from the region of high _ can
be caught in a tipped reflector and brought to the outside to
clear the source. The flux from intermediate values of
o.
can be brought straight down byAparaboloid . And at low values
of _, where an extended parabol0id would reach very large
diameter, a n_w reflector segment can be used. In other words,
near optimum collection occurs for all values of _. In
particular, at values of _ where the flux is strongest the
value of _RJ can be made optimum for the desired beam pattern.
_R I will then be non-optimum in regions of weak flux.
An area where we feel some r_s are in order is in the use of
complex, multi-element systems. For example, the aconlc systems
which require dual elements, one aconic correcting another,
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and the highly refined collimating systems which have been
designed for projectors are included in this group. We are
mindful .of Occamls Razor* which advises us that, lwhen two or
more hypotheses cover .all the known fact s, choose the simplest
of them', and we paraphase the Razor thusly, 'when two or
more systems meet the requirements .of a problem choose the
simplest system.' We .feel that the consideration of complex
methods should begin only if and when it is clear that sampler
systems cannot succeeed. And, as we shall see, more complex
solutions do not appear to be required.
*Ockham, William of, 13007- 1349
3.3.10 Beam Determination, - Consider a source and an
optical system. The output can be defined by stating the
flux going in every direction for every point on the exit
The beam can be described by the following parameters.
Total power in the beam.
pupil.
1.
2.
3.
initial ¢dlamter of the beam.
Half-angle of the cone which wil_ contain
a defined per cent of beam power at infinity.
4. Beam power as a function of angle (_)and origin
on the exit pupil.
The beam profile for any distance from the module can be
determined from these parameters.
We shall examine the beam from a source at the focus of a
paraboloid. The total power can be found from the following
•equation
The initial diameter will be the diameter of the paraboloid.
The equation 3-34 can be rewritten to find the total power
angle _. Equation 3-34 integrates over the sourcein
defining disc using _ as the variable, if a reflector element
_s _ distance from the source disc, and if a vector to a point
on the disc is at angle_ to _, then
V= s;,',,
(3-3s)
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And by differentiation
We can use the equatlonrelating R and cos
(3-36)
(3-22) to
write
l- cos
(3-37)
and
t- '-.o-_
We can now express the flux in angle _tby
(3-38)
(3-39)
The flux incident on a relfector element dARat angle_Q
will be brought down at angle _ off the normal, if the
reflector is a paraboloid (non-tlpped.) Thus, for the case
of the basic paraboloid angle _ is angle _ as defined earlier.
Thus we write
%
(3-4ol
The total
e,
flux at all angles from _| to F_ is
(3-41)
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The half-angle of the cone which will contain _l per cent
of beam power (at infinity)is formed by solving 3-42
for _ "
o (3-42)
The distribution of flux by p is given by equation 3-40, and
this equation can also be used to yield flux as a function
of exit position and _ . ,,.
A paraboloid with a point source at its focus maps every
possible view of the point onto the exit pupil. This map
will be translated without transformation to all planes
perpendicular to the optical axis, out +0: infinity. If the
point source is replaced by a finite source, the paraboloid
maps the center of each view onto one point of the exit
pupil. Each view is mapped around its center point. Thus the
views overlap. A small section of the exit pupil is thus an
overlap of a series of views over some _0 and _. We call
the region near the exit pupil the near field. In the near
field region we find a correlation between position (from the
optical axis) and view (8 and _ ). Since 8 is a symmetry angle,
we can consider this a correlation between X, the perpendicular
distance from the optical axis, and _ the angle of view measured
from the optical axis.
A region very far from the paraboloid is termed a far field
region. In the far field, we find that a portion of the arc
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at angle _4 with respect to vector R will be mapped into angle
Thus in the far field, we find a correlation between the radius
_ (the angle _ is arcsin r) and the angle _. We noted
R
earlier that for a paraboloid _ and _ are equal. The correlation
is complex, because each part of the reflector is at a different
distance _ from the arc, and thus differeRt parts of the
reflector will map a particular area of the source dA s at
different angles _o
Between the far field and the near field, the mapping is a
hybrid of both _ and o_. The test volume in a typical solar
simulation problem will be in thenear and the mid field. The
far end of the volume may be considered to approach far field.
Because most of the volume is near or mid field, far field
simplifications cannot be made.
The manner in which the reflector system maps the arc defining
disc described by parameters _i(_) and _(_) into the beam
described by E(X,_) determines what the beam profile will be at
any distance Z from the source.
Let us restate the previous paragraph. The source_completely
described by_'_and _[_ The beam is completely described by _(_j_
The reflector system maps _k_land _i_ into _ (_ ;_>, thus
completely determining the beam profile for all distances Z.
In designing a collector system, our goal is to design a system
which will -
i. Collect as much flux as possible,
2. Bring this flux to the exit pupil with the highest
possible efficiency, and
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. Establish a mapping of _,.#611 , into E (_j_}
which will produce the desired beam profile.
It may not be possible to satisfy these three conditions
completely with a single element system. (By a single element
system we mean a system where each ray touches only one element. )
If a single element will not suffice then we wish to select
a set of collector elements to satisfy the conditions to the
greatest possible extent with 'i' and '2' having maximum
priority. We can then use a second element to complete the
satisfaction of '3'.
_.3.11 Beam modification. - There are numerous ways in
which a beam can be modified. We shall discuss three
methods:
1. the single lenticularplate,
2. the dual lenticular plate, and
3. the baffle assembly.
The lenticlarplate is an assembly of lenses (figure
3-18). The lenses can be bound together or molded into
a singleplate. The lenses may all be identical or they
may differ. The parameters for each lense are:
i. shape,
2. size,
3- thickness,
4. focal length, and
5. prism angle (if any).
Since the lenticularplate is normally mounted very near
the exit pupil of the collector system, the collector •system
maps a certain view _, _ onto a given lense. That •
particular view will have a _ distribution determined by
(_) for that part of the reflector system. The•lense can
do either of two things separately or together:
1. The concentric-conical _ distribution can be
transformedby spheric lense action.
2. The concentric-conical _ distributioncan be
1
tipped by some angle through prism action.
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From the foregoing description, it should be obvious that
this is a very general and very powerful method, and that
it cannot be characterized by simple statements. A lense
is a very flexible tool, and a plate of lenses has this
flexibility manyfold. As an example of the versatility of
this method, note that a particular problem might be solved
by a few lenses at the center and holes or flat plate for
the other areas. Or a single row of lenses might be placed
around the rim with a large hole in the center. Or prisms
of differing angle might be placed selectively on
different lenses. Or the lenses might have different
focal lengths.
and
q
• i
Since each lense intercepts a view region
remaps the::_ distribution for this region, the lense
plate can serve as a scrambler or integrator. Thus, points
in the near field will no longer map to a given _j A_
and poln_s in the far field will no longer map to a given
_Y in the arc volume. This is very valuable,•because it
avoids the following problems:
1. Spectral structure in the test volume due to
correlation between _ and r, _ , or e.
2. Intensitystructure in the test volume due to
correlation between I and r, _ , or _ .
We have assumed that _ is an angle of symmetry, but in
practice we must expect some variation with _. The
lenticular lense system will integrate such variations.
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Consider the special case of two identical lenticular
plates moumted on a single optical axis, spaced one focal
length apart, amd oriented so that corresponding lenses
are coaxial. A lense on the first plate receives a view
described by a fuaction of e, _ , amd _, amd maps it
onto the corresponding lense on the second plate. This
mappimg is a fumction of o(amd thus of r, but it is not
a function of _ or _. All rays which are incident on
a plate one lense at amgle _ will be mapped to a ring
of radius r L on the correspondimg plate two lense. Since
rays of augle_will be incident upon the entire surface
cf the plate one lense, the ring on plate two receives
rays over am amgular ramge. The plate twolense will map
this amgular distribution into a new amgular distribution.
The net effect is to take all rays leaving the reflector
at amgle_(through a very complex mapping iato am
angular distribution _. This system is thus an excellent
scrambler. However, it has a further fumction. Note in
figure 3-20 that all rays within a certain angle will be
mapped onto the corresponding lense, and that rays incident
at a greater amgle will be mapped onto the next lense over.
This adjacent lense will turn the stray ray further out.
The ray will now have considerable angle and can be easily
removed by a stop or baffle. The net effect of the two
plate system described above is to create a hard beam
profile due to sharp angular selection.
FIGbT_E 3-19
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Consider a lenticular plate at the mouth of a collector
system. Assume all lenses have a focal length fL and a
radius rL. All rays which are incident upon the lense at
an angle _ where
rL
arctan (3-43)
will be imaged in the image plane within _an area which
is bounded by the projection of the lense circumference
upon the image plane. All rays which are incident upon
the lense at a greater angle are imaged outside of the
aforementioned area.
Now suppose we place a tube between each lense and the
focal plane. The tube is the locus of the projection of
the lense circumference. Thus, the tube crossection has
the same shape as the lense circumference, and the tube
length is the focal lemgth of the lense. Assume that
the tube will absorb all radiation incident upon its walls.
Then all rays which leave the collector system and are
incident upon the lense at an angle_ _ arctan_ will
remain entirely within the tube and will be transmitted
without loss. All rays which are incident upon the lense
at a greater angle will strike the tube wall and be
absorbed. Figure 3-21 illustrates the operation of such
a baffle tube.
A system of such tubes forms a baffle. The baffle properties
can be varied by changing the length and position of the
baffle tubes and by changing the focal length and diameter
of the lenses.
FIGURE 3-20
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The operation of the baffle system described above with
respect to _, the angle of incidence, is very simple'
Below a certain c_ all rays are _transmitted, and above
that c_ all rays are absorbed. However, because of the
action of the lense, the rays which transmit will have
an angular distribution from an angle of_zero to an angle
• of arctan _ ." In the absence of further optics,
=This is a straightforward derivation based on geometric
optics.
this is the angular distribution which will irradiate the
target, and thus we will refer to it as the _ distribution.
Equation 3-i1 noted that rays of flux from an incremental
area of the arc defining disc at a distance r fr0m the
disc center_ reflecting from a point on the paraboloid
which is at distance R from the arc centerj Will have an
angle with respect to the optical axis of _ = arctan _ .
The distribution of flux by c_ for a paraboloid was given
by equation 3-39. In the absence of further optical
elements, 3-39 can be rewritten as in 3-40 where _ is
set equal to c_ . If a lenticular plate is present, then
and _ will be functionally related. The function
relating _ and _ can be derived from the lense action.
Figure 3-21 shows a conical surface which is the locus of
all rays striking the lense at a single point P and at
an angle c_. All rays incident upon the lense at angle
c_ will image on a_ring formed by the intersection of the
FIGURE 3-21
Bemdimg of Rays Str_king Lense
m
/
P
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focal plane with a right circular cone of half angle e4,
with its apex at the lense center and its axis ,......
coincident with the optical axis. (This is first orderu
optical theory amd is based on the sin L = L approximation.
At 8 ° the error is 0.33% - less than 2' .) Now a conical
surface is projected from the point P on the lense to
the image ring in the focal plane. This surface isthe
locus of all rays which were incident upon the lense at
point P and at angle o(. Consider the ray T on the conical
surface. S is the projection of T onto the focal plane.
S meets a normal dropped from P which will have lemgth fL"
Thus, by basic trigonometric consideration
= arctan (3-45)
A triangle is formed by S, a line formed by the displacement
of P from the optical axis (rL) , and a line formed by the
displacement of T from the optical axis. The length of the
latter is
Q = f t o<
Referring to the view of the focal plane in figure
where_ is the angle between Q and rL .
But then
And
(3-_7)
\
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f
is determined by the angular position of vector r on
the arc defining disc. Thus, _ is an angle of symmetry,
and for the arc model we are using, the flux is equally
weighted for all values of _ . Therefore, _ is a function
of three variables:
rL , position along the lense diameter, with a
range from zero to half of the lense diameter,
the angle between the incident ray and the lense
axis, with a range from zero to a maximum established
by r of the defining disc and R of the reflector, and
the angle between the projection of the ray uponf.
the focal plane and the projection of rL upon the
focal plane, with a range from zero to 2_Y.
Equation 3-@9 can be manipulated to yield a variety of
results, but in many instances the form becomes so complex
that the result is not clear by inspection. The flux as
a function of _ can be written by substituting _ and
its derivatives into previously derived equations. Rather
than introduce more complex equations at this point, we shall
inspect 3-@9 for its significance. For angles of very small
c_ (approaching O) equation 3-49 reduces to
(3-5o)
Since rays of a given c_ are assumed incident in approximately
even intensities over the surface of the lense, the
distribution of _ follows the area. Thus, the mean
is given by
 (3-51)
where rLM is the maximum possible lense radius.
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, ,t L, _ . ...... :
*This and other results in this section are based on
circular lenses. The results will differ somewhat for
square or hexagonal lenses. However, the circular result
provides:a very good guide. Square or hexagonal lenses
operate quite satisfactorily.
f ................ i
I
Let us define a constant K L ,
Q_
We can rewrite _J+9,
Then
(3-52)
where _-- YL_
(3-53)
and thus has a range of 0 to i.
(3-5.4)
Now let us consider rays of ¢_ = arctan @_ , |_
(3-55)
(3-57)
Since _ ranges from 0 to 1 and cos f ranges from 0 to l,
equation 3-57 can be simplified, with an error of less
than 10%, to
Since _ was set equal to arctan #K L
equal to _(.
, _is
(3-58)
approximately
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We can summarize the effect of the lenses upon the mean
angular distribution thusly:
1. For very small angles of incidence
"_ - arctan .707 _
2. For large angles of incidence (arctan _ or greater)
3. As the angle of incidence increases from zero to
4K L , _ increases in a non-linear fashion, beginning
with arctan .707 _ • _ will be greater than_but
the difference will asymptotically approach zero.
We can see that flux which initially had a very low _ is
mapped to a substautialmean angle. Flux which initially
had a high c_ is remapped, but the mean angle will not
increase substantially.
3.4 Design Adaptation
The optical portion of the module must collect the greatest
possible amount of flux, must direct this flux into the test
• volume, must establish the desired beam pattern, and must
remove radiation which is at undesirable angles. It would
be erroneous to identify each of the various optical elements
4_
with only one of these functions, because most of these
functions are performed by two or more elements operating
tog ether.
The tendency to consider the optical functions seperately
has often led to undue complexity because of an attempt to
force each section of the optical system to fulfill a function
by itself. This leads to various sections opposing each other
instead of aiding each other. Full use is not made of the
optical properties of the various elements.
3.4.1 Collection. - The object of collection is to direct
the greatest amount of flux possible into the target volume
with the desired angular distribution. It will be recalled
from the discussion of 3.3.4 that in order to achieve
uniformity, a distribution over a _inite angle is desirable.
The total flux leaving the reflector within an incremental
angle _ is expressed by the equation
(3-39)
The problem is to maximize the flux while maintaining an
angular distribution which allows efficient modification to
meet the uniformity requirement.
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The first element can be either reflecting or refracting,
and in each case a wide choice of elements is possible.
In work prior to this contract, Linear, Inc. established
to its satisfaction, that the first 81ement should be
reflective. Because this decision occurred prior to this
program, the factors involved will only be mentioned in
passing. Of primary importance is the fact that reflectors
do not produce chromatic dispersion due to change of
index with wavelength, or in other words, reflectors
are free of chromatic aberration. A reflective coating
such as Liberty Mirror _747 provides a mean reflection
coefficient of about 89Yo integrated over the wavelength
range from .2 to 2.5 microns so that the transmission loss
is comparable to that of one fairly thin lens. Finally,
the back of the reflector provides a dark space, where
supports can be placed without causing loss.
An infinite variety of reflector shapes can be used.
Prior to this program, the basic classes of reflectors
were examined. The criterion used was that all other
factors being equal, the reflector system which requires
the least subsequent lense path will produce the highest
efficiency. Aconic elements require at least one extra
element, and therefore to justify the use of an aconic,
one must prove that the aconic gained more flux than the
extra element ( s ) lost. Thus, the designer should start
with a single element system, optimize it and compute
the flux collected within acceptable angles. Since a
second element immediately introduces a loss of about 10%,
the second element should not be considered unless at
ii
I
least 10% more Collection is possible.
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Linear module #0430 was based on a segmented reflector of
which the main element was an offset ellipsoid, The use
of the SAHX-2500F source in Linear module #0430 was
examined and several problems became apparent.
i. The SAHX-2500F is an anode-down source _nd thus has
I
higher flux distribution at higher values _ _ than the
anode-up source for which #0430 was designed.
2. The manufacturer advises against returning flux thru
the SABX-2500F, but this would occur if an SAHX-2500F
was placed in the #0430 module.
3. The arc radius used in the design of the #0430 module
was 5.5 millimeters, but the arc radius of the SAHX-2500F
source was computed to be nearer 8 millimeters.
4. The rounded anode of theSAHX-2500F source spreads the
flux over wider anglesi thus making collection of a high
percentage of flux more difficult.
Two further problem areas had to be dealt with in accomplishing
the design adaptation.
1. Requirements on the l_nse elements for significant
changes in flux direction created greater losses due
to the method of lense plate fabrication than had
previously been indicated by information on the
.
f abrica tion _proc es s.
Specification of target zone as 20 feet to 60 feet
from the module increased the problem of achieving
uniformity at the near distance. The #0430 module
with an eight-inch exit pupil was designed for a
target zone 30 feet to I00 feet from the module.
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Patterns from this module in single array on
27-inch centers with an effective two-degree
half-angle would not even meet for nearly
23 feet from the modules.
The limitations of single element reflectors such as
ellipsoids and parabololds were discussed _n section 3.3.9.
The higher flux distribution, at higher values of _, from
the anode-down source, will be intercepted by zones on the
single element reflector having smaller values of IRI, thus
producing higher values for _(the mean of the angular%
distribution) than would be the case for the anode-up
source. The necessity to decrease the focal lengths to
achieve the same percentage collection of total flux (which
is now distributed over wider values of %0) also increases
_. Of course, a larger arc radius also increases
The problem areas delineated the adaptation task and pointed
to Joint solutions through:
i. emphasizing the segmentation of the reflector
system. It was pointed out in section 3.3.9
that the segmented reflector has many advantages
for overcoming the problems of flux collection,
2. using "maximum flux within an angle _ of three
degrees" as the criterion for balancing of total
collection as well as balancing between reflector
segments. The resulting distribution would Produce
uniformity in a shorter distance than the previous
two-degree target, and
3. maintaining maximum reflector diameter within
dimensions for side-by-side multiple array
3.4.1 cont. 3
placement and using paraboloid segments to
effectively eliminate requirements on lenses
for directional changes of flux.
Once this approach was justified and adopted the remainder
of the reflector adaptation task consisted of balancing
the relationships discussed in 3.3.
We must emphasize that we can write no equation and we know
of no algorithm for the design of the best possible
segmented reflector system. In this sense, thedesign is
an art. Of course, once a particular configuration is
designed, the equations can be used to compute its output
with high accuracy. But the selection of a configuration
is at least partly intuitive.
The flux from the highest angles _ must be brought around
the bulb, and a tipped paraboloid operating into a cone
proved superior to solutions which would bring this flux
through the center of the module. The next region of _ is
that where is the highest for any region around the
source. It was, therefore, handled with a paraboloid of
the longest focal length of any of the segments. This
paraboloid was fitted between the tipped paraboloid and the
cone. Note in figure 3-22 that the use of the tipped
paraboloid provides a dark space near the source, and the
lower angles of _ can be handled by one or two paraboloids
operating in the dark space left by the tipped paraboloid.
Table 3-3 lists the reflector elements and their basic
parameters. The positioning of the breaks and extent of
each segment zone must be determined by careful, laborious
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evaluation of the change in the total flux integral over
when each break is moved.
We emphasize that the reflector system as designed would
have zero loss due to segmentation for a point source and
has less than 10% segmentation loss when the SAHX-2500F
source is used. The loss is due to some of the rays from
the finite image reflected from element one missing the
cone and some of the rays reflected from I, 2 and 3 spilling
onto the backs of elements 3 and 4.
We decided that for purposes of evaluation of the basic
optical design, the reflectors should be fabricated from
#416 stainless steel. Recommendations of vendors_ indicated
that the accuracy of fabrication would be more predictable,
and it is desirable to separate questions of losses due to
fabrication method from those of basic design performance.
Detailed drawings for segmented slumped glass reflectors
were made, in accordance with the inclusion of this typ_ of
<
reflector in the #0430 module. If it is not necessary to
grind and polish the slumped glass reflectors, they will, in
quantity fabrication, cost only about 20 percent of the cost
of stainless steel or aluminum reflectors. It is the belief
of design personnel, that such grinding and p_lishing will
not be necessary and that required fabrication accuracy can
be achieved. As the program progressed, time and fund
limitations predicated the relegation of this approach to
future system engineering.
3.4.2 Beam modification. - Once the extent of flux
collection has been established and this flux has been
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directed into the test volume, the remaining requirements
of the optical system are the establishment of the desired
beam pattern and the removal of radiation which is at
undesirable angles.
it is important to remember that it is erroneous to identify
the various optical elements with only one specific function.
While the segmented reflector was discussed in the previous
section on Collection, one of the primary functions accomplished
during the design balancing of this element was the
establishment to the fullest extent possible, of the desired
beam pattern.
As discussed in section 3.3.11 the beam pattern is established
by the combination of two flux distribution factors. The
distribution of the flux across the exit pupil is the
primary factor in the very-near field, while the angular
distribution becomes almost the sole determinant in the
very-far field. Throughout the region Of interest established
by the test volume, we are concerned with the combination of
both factors.
Use of the segmented reflecting element facilitates the
elimination of undesirable extreme deviations both in
distribution of flux across the exit pupil of the module and
in distribution of flux angularly. • Further, the segments
serve a significant function in breaking up the continuous
one-to-one mapping around the arc, thus eliminating continuous
and extreme changes across the exit pupil due to change in
nature of the flux with angle _ .
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The remaining beam modification requirements are: therefore
of smaller magnltude and consist mainly of small changes
in angular distribution and the integration of flux in a
manner which will offset undesirable changes acros§ the
beam due to change in nature of flux with angular distribution
from the arc.
As we have seen in section 3.3.11, the relatively higher
dispersion of flux distributed within lower angles and the
further breaking up of the mapping of the arc make lenticular
lenses a powerful element for final refinements of the beam
pattern. As in model #0430 the final adapted module design
incorporates one or two lenticular lense plates molded from
Vyc or.
The Vycor lense plates are molded from a high-grade fluxed
glass which melts at a much lower temperature than quartz.
These molded pieces are then put through a leaching process
to remove the fluxing elements. They are finally fired to
close holes left by the leaching process. The resultant
material is almost identical to fuzed quartz.
This process involves two principal problems:
l. The leaching and firing processes naturally cause
shrinkage. The original mold must be made oversize
to produce a completed item of the proper dimensions.
When there are wide variations, especially in plate
thickness, the leaching process takes longer and can
be inconsistent. Compensation for dimensional
shrinkage on a plate with wide variations in
thickness becomes very complex.
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2. The second problem is a limitation of the molding
process in forming the lense edges. This problem
occurs mainly with the use of significant prisms or
torroids which cause Sizeable variations in plate
thickness. The manufacturer insists that for
successful molding, lense edges rising above the
plate must slope a minimum of 7 ° rather than rise
vertically. This slope over the height of the lense
edge above the plate creates a zone of unusable
lense edge and losses which are comparable to
fresnel losses.
The difficulties of dimensional control and lense edge
losses are, of course, relative problems to be carefully
considered in balancing for overall optical efficiency. They
do provide obvious incentive to minimize the extend of
prismatic or torroidal work required of the lenslets.
The two main functions which are varied in the design of the
lenses are focal length and lateral focus. As we have
previously seen, focal length is intimately tied to l_nse
size and baffle dimensions and to lense size and plate to
plate distance (where two lens plates are used. ) Lateral
focus is varied by the use of prisms or torroids and can be
a very powerful tool in making smaller refinements in beam
intensity crossection.
Both of these variables are most efficiently used when varied
radially across the lense plate to operate in conjunction with
the specific flux distribution in the particular radial zone.
Careful consideration Of the wide range of legitimate
possibilities for the system and the degree of speculation
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involved in the representation of the arc, led to the
conclusion that these refinements should be deferred
until after verification of the actual beam pattern from
the reflectors and a review of specifications for the
final system.
The course was facilitated by assembly _ the lense plates
from individually fabricated lenses which were supported
mechanically. This assembly provides the flexibility for
the evaluation of any number of lense plate adaptations and
the modification of the lense plate to correspond to any
other system modifications. Fabrication of lense plate
molds is costly, and even slight changes in plate design
would require a complete repetition of the process.
Thus, the initial lense plate design consisted of lenses
of uniform focal length without torroidal or prismatic shaping
but with provision for incorporating later changes. The
remaining decisions were concerned with size and shape.
Size of lense and number of lenses in a plate of given
dimensions are inversely related. The considerations in
determination of lense size are basically four in number.
i. The extent of integration or scrambling of flux is
a function of the number of lenses. It is important
in this respect, however, to differentiate between
the integration or scrambling mechanisms. The
degree of modification of angular distribution and
the elimination of variations in flux which
correlate with original angular distribution is a
function only of the half angle of the lense or
the lense radius to focal length ratio. Thus, one
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lense over the whole plate will accomplish the
same an.g_lar Scrambling as 100 lenses of the same
half-angle. In this connection, the fallacy in
the statement that multi-faceted lense systems
change field or collimation angle is clear. The
number of lenses has no effect on field angle,
collimation angle or angular distribution.
e
e
e
The number of lenses does determine the extent of
integration which reduces difference in nature of
flux due to view point around the arc. And, it
will be remembered that this facet of integration
affects the very near field with less and less
effect as distance is increased from the exit pupil
of the module. In general, the closer to the module
it is desired to achieve uniformity, the greater the
number of lenses predicated. Conversely, beyond a
certain number of lenses, there will be no real added
advantage for a given distance from the module.
Thickness of the lense plate and variations in the
thickness will be determined by number of lenses for
a given lense half-angle and by the prismatic and
torroidal work requirements of the lenses. Therefore,
aS lense half-angle and prismatic or torroidal work
requirements increase, the advantages of a larger
number of smaller lenses increase.
Edge loss between lenses increases as the number of
lenses increases.
The length of baffles to be used in conjunction with
the lense elements for a given angular cut-off are
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directly proportional to the lense focal _length.
On the other hand, the smaller the lense •size for
0
a given lense half-angle, the greater the number
of tubes in the baffle element. This consideration
alone is one of the strongest, since the ease of _
fabrication of the baffle element for efficient
operation is of vital importance. Shape of the
lenses is the other matter to be decided. No
•matter what the shape of individual lenses, the
lense _surface itself is spherical and therefore
has lines of equal lense action in circles
increasing in radius from the center. Circles
will not, however, fit together exactly on a plate.
The only three regular geometrical figures which
will fit together on a plane are the equilateral
triangle, the square, and the hexagon. Generally
the hexagon is utilized to fit lenses together
since it is the one of the three figures which most
nearly approximates a Circle. There are unquestionably
advantages to minimizing the difference in lens
action which exits at the radius of the circle
inscribed in the lense and the larger radius at
the corner of the lense. Likewise, the area of the
lense outside the circle inscribed in the lense can
be used as a measure of the amount of energy subjected
to the greater lense action. This is greatest for
the triangle, less for the square, and least for
the hexagon.
However, it is a fallacy to state that the area
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outside the inscribed circle represents a system
inefficiency or loss. This is a misconception of the
lense operation and would only be the case where an
absolute angular cutoff at the half-angle represented
by the inscribed circle radius was mandatory. As we
have seen in prior discussion of beam irr_diance
crossection, this will never be the case for a solar
simulator module where beams must be matched between •
modules. All energy incident upon the corner of a lense
outside the inscribed circle on that lense and within •
an angle of incidence _4 _<<the lense half-angle at the
inscribed circle radius, will pass through the inscribed
circle which is projected to the focal plane of the lense.
Overriding the somewhat smaller angular deviations to be
achieved by use of heagonal lenses, three considerations
led to the adoption of square lenses for the prototype.
i. Square lenses could be fabricated individually
much more easily and later incorporation of
prisms would be simpler.
2. Shape of baffle tubes is determined by lense shape
and the square tubes would be much simpler to
fabricate, particularly in the prototype sta_e.
3. Square lenses can be arrayed symmetrically by
quadrants so that later fabrication of plates in
quadr&nts and sealing of quadrants could be
accomplished without creation of additional
partial lenses. This is of great importance in
two plate operation, btlt of lesser importance •
with one plate.
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The effective half angle of the lense was settled upon
as somewhat of a compromise between the target 2° half-angle
and the 3 ° half-angle recognized to be necessary as a
criterion for reflector balancing. The effective half-angle
at the inscribed circle radius was set at 2.67 ° and the
corner at approximately 3.3 ° half-angle. _This was
definitely a mistake in terms of two plate configuration
efficiency as will be seen from the results. The effective
half-angle at the inscribed circle radius is definitely
the overriding angular cut-off.
The size of the lenses was determined more in terms of
workable module length than of required integration. The
sixty lenslets resulting from use of approximate 2 inch
squares are well in excess of the number required for a
useable test volume starting 20 feet from the module. The
resulting 20-inch focal length did, however, establish
20 inches as a plate-to-plate distance for the two plate
operation which was a reasonable addition to module length.
This focal length also established baffle lengths of 20 inch
magnitude. The 20 inch length was workable and 2 inch
square baffle tubes were reasonable to fabricate and align.
Dimensions of much smaller size would not have been as
workable.
3.4.3 Removal of radiation at undesirable Anales, - Finally,
radiation which would otherwise leave the module at angles in
excess of those desired must be stopped. The second lense
plate in a two plate configuration actually acts as a series
of stops, but the energy of higher angle is merely diverted
to even larger anqles and not stoDDed from enterlna the test
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volume.
Baffles represent the best method of stopping and removing
higher angle energy to the extent desired, and when used in
conjunction with lenticular lense plates, they can remove
"4
high angle energy very efficiently. _ _
Final baffle design depends upon actual beam parameters
selected and especially upon the nature of angular cut off
specified. Since this area of specification needs further
review, we decided that a short baffle, of six-inch-long
tubes, square-shaped to correspond to the square lenses, would
be the most useful in prototype evaluation. The six-inch
baffle depth was selected to permit evaluation of baffle
operation in several different zones along the optical path.
The prototype baffle was fabricated from thin aluminum sheet
which was black anodized. While in final module operation the
baffle would be cooled, no cooling was provided for prototype
evaluation.
Cooled baffles used below the last lens plate will be an
extremely valuable element in preventing stray radiation and
re-reflection of radiation reflected from the test object.
3.5 Prediction of Module Performance
Throughout the program, mathematical descriptions of
various phases of module operation were formulated and
calculatlons_for the balancing of design variables. These
formulations have been discussed in section 3.3.
Generally, due to the complexity of the calculati°ns'
the operation of the module was studied in three stages.
i. From the arc representation, flux intensity
and angular distribution of flux were determined
at the reflector system exit pupil. Basic
predictions of module performance could be
made from this stage.
2. From the resulting distributions across the
projected reflector exit pupil radius (X) a
description of beam irradiance crossection at
a given distance from the module could be
derived.
3. From the exit pupil description and the lenticular
plate parameters, the beam irradiance crossection
at a given distance from the module could be
derived for the one or two plate configurations.
Information available to serve as a basis for design
adaptation and prediction of module performance, particularly
on the short-arc lamp, was partial and, in many respects, not
directly applicable. Most of the basic functions involved
had to be inferred from the partial information.
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The module performance predictions made at the conclusion
of the design adaptation phase were all based on the
original functions. As the program progre#ssed, more
adequate data which became available, results of calculations,
and measurement results were often i_corporated in phases
of the calculations to improve insight into particular
areas of module behavior. The model, the calculations and
the data interacted constantly throughout the program.
The two primary predictions of module performance were
concerned with the total flux output of the module and the
angle within which this flux would be included. Beam
irradiance crossection and modified distribution after lens
plates are both subject to any errors inherent in these
basic predictions, and comparison with actual data becomes
much more difficult. Since the program was dealing with
variations of four configurations and refinements were
constant, it has not been possible to incorporate all
refinements and review the complete calculations of a
particular configuration.
Therefore, we shall concern ourselves with the basic
predictions of total output and of angular distribution of
flux. A typical beam pattern prediction will be shown as
an example.
3.5.1 Function _,k_)-radiance we iqhtin q as a function of
___ - Source output data, describing the spatial and
directional distribution of radiant energy within the
applicable spectral region, is essential to a prediction of the
3.5.1 cont.
performance of a solar module. Short-arc lamps commonly
have symmetrical radiance distributions around the lamp
axis (through the angle we have called 8. ) The radiance
distribution about the axis we have called _ is a strong
function of _ . The polar plots of this distribution are
variously referred to as polar radiation distributions,
polar luminance distributions, meridional flux distributlons,
radiation distributions, or candlepower distributions.
Since lamp manufacturers are usually concerned with
measurements of visible radiation in photometric units, the
earliest data for _,C_ was inferred from polar diagrams of
luminous intensity and from partial information on radiant
intensity for the flat anode version of the Westinghouse SAHX 2500-C
lamP. The function was revised when polar diagrams of
radiant intensity for total lamp radiation (including bulb
and electrode radiation) were received for the SAHX2500F lamp.
The function_,_)used in the predictions in this section is
actually a third version and is derived from the polar ............
radiation diagram in Figure 3-3 which includes curves for
both total lamp radiation and for electrode and bulb
radiation. Arc radiation obtained from the difference between
the two curves is the best approximation of the actual
distribution function which was available. While this data
has generally corresponded with results, it has some shortcomings
which should be noted=
i. The method of measuring bulb and electrode
radiation has very likely understated the bulb
and electrode radiation. Thus, useable radiation
has been overstated for certain directions.
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2. The arbitrary separation of electrode radiation
from arc radiation understates the useable radiation
for certain directions especially those which view
the hot electrode centers at favorable angles
(small _ ).
3. The directional radiation measurements have no
stated band-pass other than the @adiometer band-pass
of .2 to 7.5 microns.
4. The definition of arc center for these measurements
could make a directional difference o_ up to 2°
when optics are placed close to the bulb.
It is possible, from data developed during the course of this
program to refine the _! function further. The use of the
reflector segments to study zones of _ has greatly increased
insight into this area.
The function has generally been utilized in tabular form,
but it is also possible to write an equation for it. The
equation will be most useful when 9,(_i s used in conjunction
with_(_)and, as indicated in section 3.3.6 the two functions
could be expressed as one _equation.
3,5.2 Function _z(_'_- differential radiance as a function of
arc disc radius, - The significance and derivation of function
_z(v_was discussed at length in section 3.3.6. Luminance was
%
integrated by contours over the arc brightness disc in
figure 3-4 and restated as concentric circular contours. The
power curve for this revised disc is shown in figure 3-23. This
data, extrapolated exponentially toward zero, is the basis for
function _(_ used in the predictions in this section.
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Figure 3-_ is a graph of _%__ as a function of V" .
The radiance in solid angle_ is given by equation 3-16
as
_OO
where _ is the upper limit of integ_atlon.
The per cent of total flux for a given _[ can be S£ated
r=i
as
_ =
_'-_o
Equation 3-59 is graphed as a function of _L in figure
3-24.
function _(_) was utilized in tabular or graphicalThe
form for most calculations, but it was also found to be
closely approximated by the equation:
_ = I OC_ _LI -- _ -_.O77rt. Oq_V .]a_ (3-60)
The shortcomings of the above derivation of _i<_)were
discussed in section 3.3.6. Discrepancies in the characterization
of _ account for the major portion of the discrepancies in
performance predictions. The largest source of error was
in the assumption of the arc center.
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3.5._3 Function _5C_ weiqhtinq function over wave-lenqth. -
Data for this function has been most unsatisfactory. As
indicated in section 3.5.1 there is little assurance that
available spectral data corresponds with the other lamp
data which has been used. No data is available on the
correlation of _(_with arc radius and there most certainly
is a correlation.
Four different sets of data were available on spectral
distribution and agreement between them was poor. Some of
these became available later in the program, so that for
different portions of the calculations, different data was
used for _(_. The data utilized for this function in the
predictions in this section is the spectral data tabulated in
reference (2). The function _ for a HgXe lamp is quite
discontinuous and can only be utilized in tabular form,
Measurements in this area are quite difficult and subject to
relatively large errors. However, some general refinements
in the function are possible utilizing some of the data
obtained during the measurement phase of this program.
3.5.4 Function _- reflectivitv. - The data for this
function is graphed in Figure (3-25) which is the reflectivity
curve for Liberty Mirror Front Surface Aluminum coating No. 747.
This coating was applied to all reflective surfaces. This
function was always utilized in graphical or tabular form.
3.5.5 Module Total Flux output, -With the functions derived,,
the prediction of total flux output is a matter of solving
the equation for total power (equation_ 3-34).
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This equation can be re-written as :
7.
(3-61)
where _ = reflector number
_i = reflectivity for reflector
and _ is integrated between the limits
intercepted by each reflector
Since we are forced to assume that _3 is independent of
and _" (because of lack of data), then we can separate
3-61 and solve independently:
Relating the total flux collected by the four reflectors
(from _ = 158 ° to _ = 31 o) to total useful power radiated
by the lamp (from _ = 180 ° to_ = 0 o) the percentage of
total useful power radiated (_) which is intercepted by
the reflectors is 96.97%. When the summations over all
reflectors are completed it is found that the total power
directed into the target volume by the reflectors will be
i
994 watts.
However, losse_ will be incurred on the lens plate(s) and
baffles where used and a slight amount of this flux will be
at angles which exceed the acceptance angle of the radiometer
3.5.5 cont. 1
and will not be seen even for the open reflectors. Therefore,
' Vw_il v¢e h_ve thep_ed;_i'on
let us defer system efficiency predictions_of angular
distribution of the flux.
3,5.6 Anqular distribution of flux outOut. - If we now return
to the description of total flux in terms of _ (equation 3-41):
J"J
(P A
and integrate for power over 1 ° intervals of _ we secure a rough
angular distribution of the same total flux secured in the
previous summation. The results of this integration are
plotted as cummulative watts as a function of _m(the uppper
limit of integration) in figure (3-26).
From this distribution it can be seen that only 980 watts are
within the radiomete_acceptance half-angle and that approximately
790 watts are within 3 degrees of half-angle.
3.5.7 Prediction of Module Efficiency. - With the total flux
output and the angular distribution determined, it is now
possible to predict efficiency for different moduleconfigurations
and for different limiting half-angles for each of these
configurations.
For example using a .895 transmission factor for each lenticular
plate, to account for the two surfaces, slight quartz
transmission losses, and lenslet edge losses, we can make the
following output predictions:
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MODULE CONF IGURATION
REFLEC TORS -ONLY
TWO LENS PLATES
ONE LENS PLATE
HALF -ANGLE
LIMIT
3o
4°
5G
TOTAL
3°
4°
5°
TOTAL
3°
4°
5°
TOTAL
WATTS
OUTPUT
790
882
932
98O
633
706
746
7s5
624
717
796
877
3.5.8 Beam irradiance crossection. - Beam irradiance crossection
for a given distance from the module is determined from beam
power as a function of angle (_) and origin on the exit _
pupil.
The methods used to transform the flux distribution to a plane
at a given distance from the module exit pupil are in most
respects the same or analogous to those used in transformation
from the arc defining disc to the reflectors. Only the limits
and the coordinate systems change.
The beam irradiance crossection at 60 feet from the module
which results from the flux distribution across the reflectors
described in sections 3.5.5 and 3.5.6 is shown in figure
(3-27). It will be noted that for values below about 0.5 ° the
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prediction is extrapolated from the progression of adjoining
values. Extrapolation was used for this region, because
the available description of flux at very small half-angles
did not have the required resolution.
4 MEASUREMENT PROGRAM AND RESS_LTS
4.1 Parameters to be Measured. - The measurement portion
of the program, as it was originally conceived, was concerned
with total module output power, angular distribution of
the energy, and uniformity of intensity in an infinite
array. As the wider range of attractive alternatives for
the final system was indicated, the measurement task was
expanded. The additional data provided a broader basis for
evaluation, including review of the specificatlon,andtarget
parameters, before proceeding with any adjustment of final
design. Planning of the expanded measurement task provided
for securing data relating to:
i. Efficiency relative to angular distribution.
2. Beam pattern modification achieved with various
module configurations including one lens plate,
two lens plates, and lens plate with baffles. .
3. Effect on efficiency in achievement of beam
pattern modification.
4. Angular distribution of energy from various
module configurations.
5. Spectral distribution across the beam for the
different module configurations.
6. Contributions to efficiency, beam pattern, angular
distribution and spectral distribution by individual
r ef i ec tors.
These measurements were taken at distances of 15, 30, and
60 feet from the module.
4.2 Measurement Facility and Instrumentation
4,2,1 Module Housinq and Mountinq, - A 9 X 9 X 8-foot room
was constructed to house the solar simulator module and the
turning mirror. The front wall of this room has a double
door that is remotely opened and closed. This door gives
rapid, safe access to the measurement area when the module
is operating. The interior surfaces of the room and the
module supports are painted optical black.
Mounting frames, attached to the rear wall of the room,
support the module. The output of the module is directed
down because of the anode-down operational requirement of the
HgXe bulb. The turning mirror, which is mounted at a 45-degree
angle to the simulator normal, directs the flux into the
measurement area. The mirror dimensions are 32 X 45 X ½ inch
and the mirror has a front surface Liberty Mirror 747 coating.
The mirror is flat to within 7 fringes/radial inch. The
reflectlvlty curve is shown in Figure 3- .
4,2,2 Measurement Area, - The measurement area is approximately
50 feet long, measured from the front of the room. The length
of the beam path inside the room adds about I0 feet to this
distance. The area is about i0 feet wide and more than i0 feet
high. One sid'e of the area is enclosed with heavy, black
curtains. The other side is a wall which is painted optical
black.
4.2.3 Module Supports. - A system of frames support the module
reflectors (See Figure 3-22). The individual reflectors can be
positioned at different locations along the optical axis of the
module. This feature permits accurate focusing of individual
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reflectors. (Refer to Section 4.3.2). In addition, the
effect of off-focus operation Of each reflector can be studied.
The lens plates are mounted below the reflector assembly. They
are attached to four support bars, extending from the assembly.
(Figure 4-1).
4,2,4 Radiometer, - An Eppley Mark III radiometer is used to
measure the irradiance of the radiant energy. The radiometer
was supplied with a calibration certificate giving the sensitivity
of the instrument. A copy of this certificate along with
the derived calibration curves is illustrated in figure 4-2
and 4-3. The time constant of this instrument is 0.8 second.
A complete description of the characteristics of the Epply
Mark III radiometer is contained in the manual supplied with
the instrument. (17)
4.2.5 Radiometer Cart. - The radiometer is mounted on a cart
which is motor-equlpped to remotely position the radiometer at
different co-ordinates on the X and Y axes. These axes _re
perpendicular to each other as well as to the optical axis of
the simulator (See figure 4-4). Figure 4-5 shows the radiometer
mounted on the cart.
The cart is also equipped with a water tank and pump to supply
cooling water to the radiometer. The capacity of the tank is
approximately 8 gallons. This system maintains the water
temperature within _ loC at about 25oc, over a period of
several hours.
The cart is moved manually on the Z axis (parallel to the
optical axis). Since the cart is not moved often, remote
motorized operation on the Z axis is not necessary. A pair Of
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rails constructed from angle stock and mounted on the floor •
guide the cart when it is moved on the Z axis.
To position the cart, reference lines were carefully marked
on each rail, 15, 30, and 58.4 feet from the Module. There is
another set of references lines on the cart located, one on
each side, at the base of the cart. The o_erators found
that when the lines on the cart are brought into registration
with the lines marked on the rails, the cart can be positioned
on the Z axis with a repeatable accuracy of better than ¼ inch.
Two reversible single'phase induc t fon motors are used to move
the radiometer on the X and Y axes. The motor outputs are each
geared to a roller chain. The X axis chain drives a trolley
across the cart. The Y axis motor and roller chain are mounted
on this trolly. The Y axis chain drives a smaller trolley to
which the radiometer is attached. Limit switches are located
at each end of the two trolley runs. Figure 4-6 is a schematic
of the motor control system.
Each of these trolleys drives a precision 10-turn potentiometer.
The moveable arm (pole) of each potentiometer presents a
voltage which is proportional to the position of the radiometer
on the X and Y axes. That is, the output from each potentiometer
represents the position of the radiometer on its axis. These
outputs, along with the connection to a reference voltage
supply are brought out of the measurement area to a control
console.
4.2.6 Control Console t - A console was constructed to house
various power supplies, controls, meters, and circuits. (See
figure 4-7). Figure 4-8 is a schematic diagram of the control
console circuits.
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The outputs from the X and Y potentiometers are each
connected to one side of a d'Arsonval movement galvanometer.
The other side of the meter is connected, in series with a
limiting resistor, to the moveable arm of a 10-turn potentiometer
mounted on the panel of the control console. The shaft of the
4_
potentiometer is connected to a lo-turn precision dial. A
four-pole, three position switch is mounted on the control
panel next to the potentiometer and below the meter. When the
switch is in thecenter position, the motor is off. The motor
direction in the other two positions is indicated on the panel.
To position the radiometer in accordance with a particular dlal
setting, the motor switch is turned in the proper direction
until the meter indicates a "null". The radiometer positions
Obtained using this method proved to be repeatable within less
then ¼ inch. The maximum distance traveled by the radiometer
on the X axis is 85.9 inches and on the Y axis 75.8 inches.
This would give an error in positioning accuracy of 0.33% of
total range in the case of the Y axis.
A number of additional circuits and controls were incorporated
in the console to aid in automating the data collection and
reduction. The output from the radiometer is ampllfiedby a
high-gain, chlopper-stabilized, operational amplifier. The
amplifier output is connected to a switch and an analog correction
circuit. This circuit automatically corrects for the radiometer
non-llnearlty above intensities of 190 watts per square foot.
The output from the correction circuit is connected to a switch
and one end of a 10-turn potentiometer with a grcunded center tap.
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This potent'iometer is geared to another potentio_eter
which is designated as the radius potentiometer.. The pole
of the radius potentlometer is connected to one side of a
galvanometer through reference circuitry. The other side of
the meter is connected through a compensation circuit and a
switch to the pole of either the X or Y potentiometers.
Setting a precision dial on the radius potentiometer nulls the
meter. When the meter is null, the voltage on the pole of the
grounded center tap potentiometer is proportional to the
product of the corrected amplifier output (irradiance) and the
radius from the center of the pattern. This computation is
correct if the center of the beam pattern has been accurately
determined. The evaluation team found that the center could
be determined from peak intensity readings and symmetry of
readings around the center. The accuracy of this procedure
was better than 0.2%.
A switch on the control panel connects a digital voltmeter to
one of four voltages, including the ampiifier output, the
corrected amplifier output, the product of the corrected
output and the radius, and the X or Y potentiometer output.
When the data was taken, some of these factors were not numerically
recorded since they are included in the plotted data. (See
section 4.4) They were necessary, however, in the initial
evaluation of the instrumentation accuracy.
Another switch on the control panel selects either the
corrected amplifier voltage (irradiance) or the irradiance
radius product as the Y input to an X-Y plotter. The X or Y
potentiometer outputs are switch selected to produce the X
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input to the plotter. Both of these signals are attenuated
to provide the proper scale for the plotter. They Y
input also uses the amplifier section of a VTVM as a
buffer. A manual-plot push button on the panel is used to
control the plot command. In figure _-i 9 ) the operator
adjusts controls. Table 4-1 lists the major components
used in the instrumentation system and includes pertinent
specifications.
4.3 Measurement Technique
The procedures employed in recording the data were developed
to provide rapid accumulation and accurate results,
At the beginning of the measurement period, the effect of
radiometer operation with its shutter open and closed was
investigated. The peak intensity of the beam which was being
measured was quite high in most cases. For example, the
irradiance at the center of thebeam was approximately i. 8
solar constants in the case of the reflectors without lens
plates measured at a distance of 30 feet from the module.
With the amplifier gain set to place this reading near the
top of the digital voltmeter range, there was no measureable
output: with the shutter closed. Since high peak intensities
were a condition encountered during almost every measurement
run, background readings were not recorded.
In the case of some of the narrow band filters, the peak
intensity was relatively low. A background reading of
approximately 0.001 millivolt was measured at the output of
the radiometer. With the radiometer located at a fixed
TABLE 4-1
INS TRUMENTS
10-Turn Potentiomet.e,r
Clarostat Series 62JA
Linearity + 0.25%
Resolution 0.026%
10-Turn Potentiometer Dial
Helipot RB Series
Dial Accuracy 0.05%
Amplifier (Used on Radiometer Output)
Dymec Model DY-2460-A-MI
DC Gain Accuracy _+ i. 0%
DC Gain Stability + 0.01%oc
+ 0.01% per week at constant temperature
Zero Drift 1 microvolt per week maximum at constant
tempera tur e
0.5 microvolt +/oc maximum temperatur
coefficient
Input NoiSe 4 microvolts p-p max., 0 to 1 cps, referred to
summing point.
Diqital Voltmeter
Digitec Model 210
Accuracy 0.2% Full Scale
Resolution 0.05% full scale
Point Plotter
Moseley Model 7590A
Accuracy 0.1% full scale
Polar Planimeter
Keuffel & Esser Model 62 0000
Accuracy 0.3%
Radiometer
Eppley Model Mark III Serial No. 6897-D compared with the Eppley
group of reference standards, at a radiation intensity of
approximately 76 watts/ft, z. The derived calibration curves were
provided.
position the reading fluctuated about this value. The
average value of 0.001 millivolt background r_nained
constant across the beam except at the outer fringes. In
the case of a few of the narrow-band filters , the radiometer
output readings on the fringes with the shutter open were the
same order of magnitude as the background_ readings, In other
words, the intensity is quite low. Since the significance
of the measurements in the fringe areas is questionable,
these areas were not included for purposes of power
computations.
The amplifier which was used has a zero correction control•
This control was adjusted to offset the average 0.001
millivolt background. The fluctuations represent a small
error in the reading. As an example, the peak reading for
a filter with wavelength limits of 295 to 332 millimicrons,
measured at 30 feet, is 0.470 millivolt at the radiometer
output. The maximum amplitude of the fluctuations was
approximately 0.001 millivolt. This produces a reading
error of +00.2% of full scale.
At the beginning of the measurement program, it became
obvious that is was convenient to relate the position of
the radiometer on the X and Y axes to control panel dial
settings. 6.45 units on the potentiometer dial are equal
to one inch of movement on the X or Y axis. The dial is
divided into i000 units•
Data were recorded and plotted at intervals of 20
potentiometer dial units and, in some cases, i0 units. The
radiometer was positioned as described in section 4.2.6. After
a setting period of 5 seconds, the data were recorded. The
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radiometer time constant is 0.8 seconds. (See section
4.2.4)
4.3.1 Individual Reflector Measurements, - The evaluation
team determined the output of each reflector by removing the
other reflectors and, in some cases, blocking a portion of
the output of a reflector. As an example, reflector number
4 normally blocks a portion of the output from reflector
number 3. Reflector 4 was replaced with a section of black
stove pipe with the same size and shape as number 4. This
pipe blocked the same amount of flux as reflector 4 did,
without contributing to the output as 4 normally would.
443.2 Module AliGnment. - The focus of each parabola was
checked by using a G.E. 1493 projector lamp. The light output
was projected on a screen about 30 feet away. The lamp was
moved on the optical axis to obtain the sharpest circle on
the screen. This procedure• was followed with the reflectors
mounted in the module support frames. The HgXe lamp was then
positioned with the arc intensity peak at the common focus
of the reflector segments.
In experimenting with the effect of moving the individual
reflectors off focus, it was found that the moment of angular
power distribution _mean _ ) could be decreased. The
information derived from this study proved invaluable in
determining the true shape of the arc as well as its power
centroid. The segmented reflector is a powerful tool for
studying the arc shape.
This led to a realignment of the reflector elements in the
module. The segments were then aligned to give the minimum
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composite moment of angular distribution. Once this was
done the position of each reflector and the bulb with
respect to the base plate of the module support was recorded.
Module alignment for this design is then simply a matter of
positioning the reflectors and the bulb in accordance with
these measurements.
4.3,3 Wlde Anqle Enerqy, - The maximum aperature half angle
of the radiometer is 7.5 ° . All measurements were taken i_
4
a plane perpendicular to the optical axis with the radiometer
normal always parallel to the optical axis.
The total power output from the module did not increase after
the module had been realigned. However, more power was
contained within a smaller angle, i. e. the moment of angular
power distribution decreased. This indicates that there is
virtually no flux present at angles greater than 7.5 ° .
4.4 Data Processing and Reduction
The data obtained from a measurement run appears in two
forms.
i.
.
An X-Y plot of the irradiance and power as a
function of position (Figure 4-10), and
A data sheet with entries recorded by the operator
for each point plotted. (Figure 4-11).
Pertinent information about the experiment, such as radiometer
aperature, filter wheel position, etc., is recorded on both
data sheets. This particular experiment was an X axis run.
The potentiometer dial setting and amplified radiometer output
are recorded for each point plotted. The corrected amplifier
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output, and the product of the corrected outpu_ and the
radius were not recorded, since these factors appear in
the plotted data. A few of the radius potentiometer readings
were recorded for use in computing the power plot scale factor.
The points of the irradiance and power plots were connected
with straight line segments. A sufficient number of points
were plotted to produce a good approximation of the actual
curves. Dashed lines are used to differentiate the irradiance
curve from the power curve. The power dips to zero at _e
center because the radius is zero at this point.
4.4.1 Scale Factor, - The horizontal scale on the plotted
data is always related to actual position of the radiometer
on the X or Y axis. The horizontal axis scale factor describes
this relationship.
O7 6.3"7
(4-1)
The numeral 41.07 represents the number of potentiometer dial
units per inch on the plot. Since 6.45 potentiometer units
represent one inch of radiometer movement, each horizontal
inch on the plot equals 6.3'7 inches of radiometer travel.
A voltage divider on the vertical input to the plotter was
adjusted to accomodate different peak intensity signals. This
was necessary in order to place the plot of the peak power
and irradiance readings near the top of the graph without
going off scale. Greaterx_ading ease and accuracy make this
requirement essential. Therefore, the vertical scale factor
is not a constant and must be computed for each measurement
run. A vertical scale factor for the irradiance curve is
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shown in figure 4-11'. The computation of this factor
is similar to the power curve scale factor calculation.
Four points on each graph were chosen to obtain the vertical
scale factor for the power curve. One point near the top of
each lobe of the curve, and one point near the bottom of each
lobe were selected. The amplified radiometer output reading
was multiplied by the corresponding radius at each of the four
points. This numeral was divided by the vertical height,
measured in inches on the plot, at each point. These factors
are designated by mv, R, and vertical inches in the scale
factor equation. The computations from the four points were
averaged.
_'_here
(4-2)
R
= the radius converted to inches
= Radiometer output voltage (the
amplifier gain was 300) millivolts
= The slope of the radiometer
calibration curve my/watt/in 2
The dimensions of the vertical scale factor are watts/in 2
4.4.2 Total Power Computation , - Each lobe of the power curve
was integrated using a polar planimater. The power
P --- _ k'il. t KM_ Integrated Area (4-3)
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If a filter had been used, this result would be multiplied
by a filter factor. This represents the power measured after
the turning mirror. _ The reflectivity of the mirror was determined
from the lamp spectral data supplied by the manufacturer. ( 2
and the reflectivity curve for the turning mirror and the
reflectors. (Figure 3- ). This factor was computed to be 89% .
Thus the actual module output power is hlg_er than the measured
output by the reciprocal of this factor.
4.4.3 Filter Factors, - A filter factor was not received from
Eppley with the UG-II filter. This filter is most useful,
since it covers a broad region of the ultraviolet. Project
personnel computed a filter factor using the method described
by Eppley in their radiometer manual. (17) The spectral curve
(supplied by Eppley) for a HgXe lamp was carefully replotted
on a large sheet of graph paper. The transmittance curve for
the UG-II filter was also handplotted on the same sheet, and
the product of the transmittance and spectral curves was
plotted. The integrations with the planimeter were performed
several times, producing a filter factor of 2.11. In communication
with the Eppley firm, measurement personnel obtained from them
a filter factor of 1.53. When the discrepancy between this
4
figure and our calculated filter factor was pointed out, Eppley
recomputed the factor and arrived at 1.90.
Project personnel checked some of the other filter factors, and
they were in close agreement with our calculations, with the
exception of the filter covering the region from 386 to 423
millimicrons. The Eppley factor for this filter is 3.39, as
opposed to our computed factor of 2.53. A list of filters
appears in table 4-2 and table 4-3.
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The data obtained from the filter measurements was used
in evaluations of spectral uniformity and distribution.
Because this data was used to determine the relative
contribution by spectral region, the use of the filter
factor is not necessary.
4.4.4 Automatic Data Reduction. - Since this instrumentation
system provides an accurate and rapid plot of the power and
intensity functions, it is a powerful tool in the evaluation
of a solar simulation module. The engineers feel that the
system can be further automated if future evaluations of this
type are undertaken. By automatically integrating the power
curve, the efficiency of data reduction can be increased.
This can be accomplished with a number of scalers. The
output from the scalers can be displayed, plotted or printed
out.
Computation of the scale factor also can be incorporated in
the instrumentation. If this is done, the power can he.read
directly. A printer with a totalizer could read out the
total power at the end of each data run.
4.5 Estimate of Data Accuracy
Each step in the design of the instrumentation was
carefully studied to minimize measurement errors. Precision
components such as the 10-turn potentiometers and dials
were used throughout. (See table 4-1) The technique of using
the meter nulls to indicate position elimin_ates many possible
sourc es of error.
The stated accuracy of the planimeter is 0.3% with repeated
careful measurements, except where the area is less than
I0 square inches. Almost all of the data plotted produced
areas larger than I0 square inches, and the integrations were
performed several times on each curve.
In section 4.2.6, the error in positioning the radiometer
was stated as ¼ inch or 0.33% of the radiometer travel. This
was determined by carefully measuring the position of the
radiometer for a particular dial setting. The procedure was
repeated many times at the same dial setting and at a number
of different settings. The error includes the effects of
mechanical slip between various gears, hysteresis, and erroneous
null reading or dial setting by the operator.
The error in plotting a given point is a function of the
accuracy of each component in a chain of instruments and circuits
starting with the radiometer and ending with the X-Y plotter.
Another source of error is noise contributed by the various
components in the system. The effect of this can be seen as a
slight vertical modulation of the character printer. With the
radiometer positioned at a fixed location, the point is
plotted several times. From the distribution of these points,
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the maximum error due to the system noise was found
to be + 0.5%.
The accuracy of the radiometer is not stated in either
the manual or the calibration certificate. An estimate
of system error will be computed without the radiometer.
Table 4-4 lists the factors involved in _omputing the
power and their relative accuracy figures. The gain of
the amplifier was checked using a Calibration Standards
precision voltmeter with a specified accuracy of _+ 0.05%.
The gain accuracy of the amplifier was found to be within
+ 0.3%. The noise does not enter into the power
computation since it is averaged in the integration with
the planimeter.
It can be seen from equations 4-2 and 4-3 that these
factors (with the exception of the voltage dividers, the
VTVM amplifier, and the X-Y) combine as a product to compute
the total power. The three exceptions listed are combined
in the amplitude of the vertical plot. The fractional
error of the product of two (or more) numbers is the
algebraic sum of their fractional errors. In the case of
division, the error of the quotient of two numbers is the
algebraic difference of their fractional errors. Therefore,
the system error (without the radiometer) is within + 1.9%_
i.e. the computed power is within + 1.9% of the true reading.
TABLE 4 - 4
Components Used in Estimate of Error
FACTOR ACCURACY
Radius
Amplifier
Voltage Dividers
VTVMAmplifier
X-Y Recorder
K H
Planimeter
+ o.5%
+ 0.3_
,+ 0.3%
_+ 0.1%
+ 0.1%
_+ o.m2
+0.3%
4.6 Measurement Data
The execution of the expanded measurement task outlined
in section 4.1 was accomplished through 345 measurement
runs on various configurations and elements of the module.
Prior to receipt of the actual reflector elements, 92
of these runs were made using an approximate 4 inch
focal length paraboloid to make preliminary studies of
the source and the operation of the lense plates.
One of the main reasons for the large number of runs was
the number of module configurations to be measured. 172
of the runs were made upon the complete prototype reflector
system without plates, 33 runs were made on the two
plate configuration_ and 29 runs were made on the one'plate
configuration.
Since the individual reflector segments were so powerful
a tool in studying directional distribution of flux about
the source and spectral changes over _ , i19 runs were
made using the individual reflector segments or sometimes
combinations o_ them. These runs were used to balance the
final module alignment and to verify individual segment
performance.
For the study of angular distribution, as opposed to merely
determining collimation angle, 55 runs were made with
apertures, and to investigate the uniformity of intensity
by spectral regions, 89 runs were made with filters. In
addition 6 runs were made using both apertures and filters.
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A typical series of runs on a particular configuration was
as follows:
NO RUNS FILTER
2
mmn_m_
2 12
2 8
2 3
2
1 12
8
3
1
1
2
2
AXI____ S
X,Y
Y-80,
Y+80
X,Y
X,Y
X,Y
X,Y
Y-80
Y+80
X
X
X
X,Y
Y-120
Y+I20
Z
N
15
15
15
15
15
3O
3O
3O
3O
3O
60
60
PURPOSE
Irradlanc e Cross ection
(Intensity Only)
Verify Symmetry
Infra Red Crossection Index
a_
Visible Crossection Index
U.V. Crossection Index
Irradiance Crossectlon
(Intensity Only)
Verify Symmetry
I.R. Crossection Index
Visible Crossection Index
U.V. CrossectioD Index
Irradiance Cross ection
(Int ens ity Only)
Verify Symmetry
As the measurement program progressed, some of these runs
were dropped and others substituted. For instance, the off-axis,
intensity-only runs proved to be unnecessary after the three
basic configurations had been checked. We found that no
additional information was obtained by running filters on
both axes at 15 feet so these runs were dropped• The
irradiance crossection on Y axis was retained for one value
of Z rather than the three values used initially.
Later the broad band filters for the U.V. and I.R. were used
instead of the three narrow band filters, particularly on
the individual reflector segment runs. The apertures, which
were not included in the typical runs, were added, and many
special runs were made to check for certain losses, to check
%5. MODULE PERFORMANCE
We shall present the results of measurements made on
the prototype, we shall compare these results with the
performance predictions, and we shall discuss the
significance of any differences. We shall concentrate
on
i.
2.
3.
total output,
angular distribution, and
beam irradiance crossection
for each of three configurations:
i. prototype reflectors only
2. prototype reflectors and two lenticular plates, and
3. prototype reflectors and one lenticular plate.
We shall discuss the uniformity of intensity for total
flux and by spectral region for each configuration.
5.1 Reflectors Only Configuration
An understanding of the performance of the reflectors only
(without the lenticular plates) is basic to an understanding
of the other configurations. Figure 5-1 shows the reflectors
and the source, without the lenticular plates, in operation,
Reflector #4 was not in place at the time figure 5-1 was
taken. Reflector #4 overheated, due to flux intercepted by
its back from reflector #_. The coating of #4 darkened
considerably, and it was removed from the system. The power
measurements are thus for reflector #i, 2, 3, and 5. If
reflector #4 is to be retained in the system, it will have
to be much thinner, and it may require special cooling.
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special spectral regions, and to measure effects of
element positional changes.
While the data from only about 25 of these runs is directly
included in the following section, almost all of the runs
were brought to bear upon the evaluation of the module,
the refinement of the mathematical model, _and the cross
verification of data. The normalizing, clear description
and interpretation which would be necessary to make all 345
runs suitable for publication is clearly beyond the scope
of this program.
_.i.! Total output. -
MEASURED TOTAL OUTPUT (WITHIN 7.5 °
p  DICT DTOT OUTPUT (WITHIN7.So)
i000 WATTS
933 WATTS
Total flux brought down by the reflectors only (with #4 _
removed) was measured in runs #529, #535, %nd #582 as
I000 watts +3.9%: The measured total output should be
*For this estimate, the Eppley radiometer is assumed to have
an error of _2% of reading.
adjusted upward because of the following factors:
i. Reflectors #2 and ##3 had some surface porosity
and thus had a lower 34_ than the value used in
computation.
2. Reflector #3 had some less due to a turned-down
edge.
These fabrication faults would be avoided by the use of
glass reflectors. The extent of the loss due to these faults
is extremely hard to estimate, and we prefer not to speculate
on the amount of this loss.
A logical explanation of the differences is contained in the
previous discussion• of electrode radiation in section 3.5.1.
It seems likely that electrode radiation is understated in
electro de
zones not having a direct view of the _ tips causing
met
an overstatement of the _ arc radiation in those zones.
Hence, reflectors 2 and 4 should be below prediction which
they were.
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On the other hand, output from zones viewing the electrode
tips at favorable angles should exceed predictions and
reflectors 1 and 3 do this. (Further corroborating
evidence for this explanation will be seen when spectral
peculiarities by zones are considered. ) Reflector #4 had
a predicted output of 47 watts, but when operated alone it
produced only 34 watts.
The intensity in watts per square foot and in percentage
relative to beam center as a function of radial distance
from beam center is tabulated in Table 5-1. The data was
derived from runs #529, #535, and #582.
5.1.2 Anqular Distribution. -
I MEASURED MEAN _ -
I
2.15 °
1.70 °
Angular distribution was measured using apertures on the
radiometer and was also calculated from beam pattern and
system geometry. The agreement between measurements and
calculations was remarkably good with the largest deviation
being 3.2% and mean deviation of 1.9%. The final aperture
runs on the reflectors only were runs #561, #563, #565, #567,
and #569.
The breakdown of the flux output of the reflectors by one-degree
half-angle increments is as follows:
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HALF-ANGLE WATTS
I NCREMENT INCLUDED
(DEGREES) , ,
0 to 1 195 195
1 to 2 280 475
2 to 3 164 639
3 to 4 129 768 "
4 to 5 67 835
5 to 6 65 900
6 to 7.5 i00 i000
CUMMULATIVE
WATTS INCLUDED
This distribution is compared in figure 5-2 to the predicted
design theoretical distribution. An adjusted prediction curve
is also shown which removes the reflector 4 contribution
from the original prediction and substitutes a .89 reflectivity
in the prediction instead of the .897 figure originally
used.
The flux is definitely distributed over wider angles than
predicted. The mean flux half-angle is 2.15 ° versus a
prediction of 1.7 ° . The flux within 2 ° is 20.7% less than the
adjusted prediction and that within 3 ° is 15.2% less.
Some contribution to wider angular distribution came from the
fact that the outer rim of reflector 1 protrudes too far
inside reflector 2 when both segments are on focus and
vignettes approximately two degrees of that reflector's view.
This segment was therefore aligned relatively high. This
aggravated a problem with reflector 1 which already existed.
This segment was designed very_ close to the bulb and because
of time limitations was not offset, although this step was
considered. This was a mistake. The segment focus should be
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offset. By offsetting we mean making the focus of the
paraboloid an angular ring by offsetting the focus from the
optical axis before revolving the figure through _ . (See
Figure 5-3). Since a large portion of the view from high
values of _ on this segment is blocked by the cathode, this
course would reduce the mean resultant angle of the actual
flux viewed.
From this discussion, it can also be seen more clearly that
the necessity in the prototype to align this segment high
increased the view of the cathode and degraded the angle of the
actual flux.
Of far greater importance, however, in accounting for the
discrepancies between prediction and performance are the
differences between factual shape and size of the arc and
assumptions made in representing the arc in the predictions.
The position of the arc centroid and the non-equivalence of
luminance and radiance distributions in the arc make up the
major share of" the discrepancy. These factors were discussed
in sections 3.3.6 and 3.5.2.
5.1,3 Beam Irradiance Crossect_on, -Figure 5"4 illustrates
the relative beam irradiance crossections for the reflectors-
only at the three distances from the module. These plots are
of the data previously included in Table 5-1.
Figure 5-5 compares the measured 60 foot pattern with that
originally predicted. The main discrepancy is seen to be in
the peak intensity which was predicted to be 138 watts/ft 2 and
measured at 96 watts/ft 2. That this is almost solely a function
of the discrepancy in predicted angular distribution can be seen
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from the third curve which was secured by substituting the
measured angular distribution into the prediction calculations.
For this purpose it was necessary to assume that the
measured angular distribution of flux was spread evenly over
the module exit pupil. The prediction technique has proven
to be quite satisfactory for design requirements.
4_
5.1,4 Uniformitv of Intensity. - Taking the measured beam
irradiance crossection and assuming a large hexagonal array
of modules producing identical patterns, it is possible to
compute the intensity at any point in the plane to which the
pattern applies. If the module centers are given X and Y
coordinates then a poiht P at Xp and Yp will be a distance
E<Kp->_ - from module_. This distance is
also the radial distance from pattern center of module __ and
a corresponding intensity applies from the beam irradiance
crossection. Summation of the contributions by all modules
within a distance of less than the radius of the beam irradiance
crossection will give the resultant intensity at point P,
A series of calculations were made for each of the planes for
which the measured beam irradiance crossections were available.
These calculations were made for modules arrayed on 27"inch
_7"_e. 1_.5_-'[nc,_ Cente_'.--t-'_. -Ce_'le '(-)
module distance_s the direct----_d>_-_ _c-_and 15.59-inchA center-to-center
relationship of two and three array centers when each individual
array is on 27-inch centers.
The resultant total array point intensities'were then related
to the average array intensity. Selection of the maximum point
deviation over the entire pattern then gives the deviation
essentially in terms of the target specification of _+50 percent
deviation, using a one-lnch-diameter detector. Integrations to
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correspond to the target specification of _+5 per cent,
using a on_-foot-square detector, have not been made and this
area has been treated by estimates from the maximum point
deviations.
The percentage of maximum radiant intensit_f deviation
resulting over the pattern for the reflectors only is as
follows :
FEET FROM
MODULE
27 -INCH
MODULE CENTERS
15.59-INCH
MODULE CENTERS
15 239.0 46.7
30 77.3 15.9
60 ll.l 2.1 •
These results illustrate the effects of thebasicbeam
irradiance crossection and the degree to which beam modification
is necessary. On 27-inch centers, uniformity of intensity would
be outside the target specifications to almost 40 feet from
the module. On 15.59-inch centers, however, the uniformity
is within target parameters at approximately 15 feet from the
modu i e.
The problem to be overcome in dealing with this beam pattern
is that the flux distributed in the low angles causes hot
spotting under the module center and the point on the optical
axis is the point of maximum deviation throughout the target
volume. It is interesting to note that at 60 feet from the
module it is energy distributed within less than 0.6 ° which is
causing the peak in the beam irradiance crossection.
5.1L5 Soectral Uniformity, -Detailed spectral distribution
measurements and evaluation were beyond the scope of this
program. Still, approximately one-third of all runs made on
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actual module configurations utilized interference
filters to study variables by spectral region. This approach
is based upon the premise that uniformity of irradiation must
include uniformity w_thin spectral regions as well .as in
total. In many cases, the importance of spectral uniformity
may become more significant than total uniformity.
4_
Again in this area, filtered measurements by zones utilizing
theindividual reflector segments were especially effective
in demonstrating both chromatic changes with changes in the
view of the arc (through_ ) and in demonstrating chromatic
changes across the arc (along _ ) and therefore with angular
dis tribution. _
Spectral beam patterns and deviations for the reflectors only
are graphed in figure 5-6. The beam patterns,based on runs
#180, #182, #184, and #186jare presented in terms of the
percentage of flux in the particular spectral region to the
total flux for points at regular intervals across the module
beam. The data for these curves was taken at 30 feet from
the module.
The region from 295 millimicrons to 332 millimicrons (filter 3)
was used as an indicator for ultraviolet, the 515 millimicrons
to 573 millimicrons region (filter 8) for visible, and the ii00
millimicrons to 1900 millimicrons region for infra-red.
The deviations of region point intensities from region average
intensities over the entire pattern were then weighted on the
basis of contribution of the point deviation to non-uniformity
of that region at that point in a one solar constant array.
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The deviations across the beam from the reflectors only are
substantial with the UV contributing over 20 percent excess
near the beam center and IR low by almost 18 percent.
Examples of a couple of the more spectacular chromatic
peculiarities by zones around the arc are seen in both the
UV and the IR peaks near the center of the beam. The UV
peak is largely contributed by reflector_l and probably
has as its source the edge of the small hot plasma ball.
The IR peak is made up by the combination of two peaks from
reflector 1 and reflector 3. The sources for these are very.
probably the hot cathode tip in the case of 3 and the hot
anode center in the case of i. There is no evidence of
high contributions in this area by reflectors 2 or 4 at all.
Note also that the UV excess and the IR deficiency in the
center of the beam tend to mask each other in the total -'
intensity.
5.2 Two Lens Plate Configuration
Figure 5-7 shows the operating.module with two lens plates
in position. Although this view shows the bottom of both
lens plates, the angle of the view of the top lens plate from
the optical axis is less than the angle at which the bottom
plate is viewed. For this reason more visible flux can be
seen from the top plate. Of course, in final configuration, the
whole module would be enclosed in a cylindrical housing and
only the bottom plate would be visible.
5._. ! Total Output. -
5.2.1 Total OutDut. --
MEASURED TOTAL OUTPUT (WITHIN 7.5 ° ) 635 WATTS
PREDICTED TOTAL OUTPUT (WITHIN 7.5 ° ) 785 WATTS
Total flux brought down by this configuration measured in
runs #207, #227, and #239 was 635 watts, but only 465 watts
of this total, were in the basic square pattern. The remaining
output was in the throw-out squares adjacent to the flats of the
base square, and this flux would be removed by baffles for
strict adherence to the prescribed pattern. The absolute
and relative intensities along the beam radius are tabulated
in Table 5-2.
Figure 5-8 shows the beam pattern for this configuration at
a distance of 60 feet from the module. The throw-out squares
can be seen off the sides of the base square. Integration of
total flux for this pattern had to be done specially since
the simple intensity-radius product was not applicable over
the whole beam radius. The restatement of coordinates of
intensity points in terms of the square pattern was straight
forward even if time consuming. The verification of this
procedure provided one of the main reasons for the early
off-axis intensity runs.
The predicted total output for this configuration Which is
comparableto the 635 watts measured was 785 watts. The
discrepancy of 150 watts or 19.1% is substantial and accounted
for by the following facts :
I. Loss of energy on the prototype lens plates was
higher than would be the case with molded plates
because the surface is interrupted by the support
structure of pins and bands. Frosted and darkened
lenslet edges also contributed to these higher
lens plate losses.
The visible flux being scattered by the pins and
lenslet edges is quite evident from the bottom
plate in figure 5-7 where the bulk of the flux is
not within the view angle. Also, the vignetted
corners of the square pattern from this configuration
seen in Figure 5-8 are caused by the suppozting pins
at lenslet corners in the prototype plates,
.
.
The excessive losses due to support structure
including the pins, bands, and lenslet edges was
calculated to be 93 watts based on the energy incident
on the two plates and the actual angular distribution
of that energy. These unusual prototype losses
were not taken into account in the prediction.
Another factor not contemplated &n the original
prediction is concerned with the fact that the lens
plates tip some of the energy originally distributed
within 7.5 ° to larger angles and this flux is not,
therefore, within the radiometer view angle. Thlis
factor is calculated to account for 41 watts.
In two plate operation the partial lenslets become
very ineffective. The absence of the opposite side
of the full lens at the second plate causes vignetting
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of essentially all flux diverging from the
optical axis of the module and even some of the
smaller angle converging flux received from the
corresponding lenslet in the first plate.
This factor caused excessive losses of approximately
16 watts. These losses would have been closer to
20 watts if the support and tip losses had not been
netted out of incident flux previously. This factor
was also not taken into account by the prediction.
However, this can be corrected easily by two techniques.
The lens size and plate shape can be coordinated to
minimize the 'edge partial lenses, making the plate
slightly out of round if necessary. The major portion
of this loss can be avoided by_ use of prisms on the
first plate partial lenslet to slightly offset its
image on the second plate partial lenslet,
5.2.2 Anqular Distribution. -
MEASURED 465 WATTS <_ =
633wATTs
Since this configuration produces an abrupt angular cut off
and in this particular case at a low half angle, aperture runs
were not applicable to its output. Neither were predictions
made directly in terms of angular distribution. However, the
predictions of module output for configurations operating at
different half angles are based upon this type of data.
Unfortunately, for the two plate system, we can only directly
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verify operation at one half-angle for each set of lenses
used. Actually, none of the predictions correspond directly
to this set of lenses, but since the system was treated
nominally as a three degree system let us compare the
predicted 633 watts output for a 3 ° half-angle two lens
plate system to the 465 watts measured in the basic pattern
fo_ the prototype. Three factors must be considered.
i. The prediction was based on a three degree
half-angle lens and the assumed conditions for
the prediction would be satisfied if the lens were
a round one having the relationship _-_a_3 °.
However, the actual lens used is square having _ a
/
2.67 ° relationship at the radius of the inscribed
circle and a 3.77 ° relationship at the corner of
the square. If we re-calculate from the predicted
angular distribution for this lens we find that
the prediction becomes 624 watts so that shape causes
only a 9 watt discrepancy in the prediction.
2. If we again re-calculated using the measured angular
distribution out of the reflectors and the square
lens shape the answer produced is 506 watts. Thus,
the angular distribution difference is by far the
largest factor of difference between predicted and
measured performance accounting for 120 watts.
3. If we now compute the unusual prototype losses
applicable to the transmitted energy it is found
that they account for 41 watts which is also the
difference between the 506 watts in 2 above and the
465 watts measured.
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It should be noted that while unusual prototype losses •
calculated in 5.2.1 amounted to a total of 150 watts these
were from all energy• down and the 41 watts relates only to
the energy accepted by the pair of square lenslets" Thus,
for this particular lens design, the unusual losses of 109 watts
are not important since the energy from which they were lost
would not have been accepted by the lens plates into the
base pattern. It can also be seen, however, that the unusual
losses applical_le will be different for each half-angle dealt
with.
It can now be stated that this configuration with two molded
lens plates having the same lens design would put 502 watts
in the base square. This includes the adjustment of the plates
to reduce partial lenslet losses.
Ninety percent of the energy in the measured pattern for this
lens design is within 2.5 ° half-angle. However, with a molded
lens plate ninety percent of the energy would be within 2.8 °
half-angle.
5.2.3 Beam Irradiance Crossection , - Figure 5-9 illustrates
the relative beam irradiance crossections for the two lens
plate configuration at the three distances from the module.
_nese plots are of data previously included in Table 5,2.
This configuration with the image of the top plate lenticles
at approximately 15 feet instead of infinity was also measured
and evaluated. The beam pattern at approximately the focal plane
is shown in Figure 5-10. The stepped patterns of the overlapping
lenticle images, which at this distance have not yet become
large enough t o essentially cover the entire pattern, can be
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clearly seen. Also clearly seen in this illustration are
the throw-out squares and their relationship to the base
pattern. These throw-6ut squares are more prominent in this
operation because of the additional spillage resulting from
the necessarily greater plate-to-plate distance. _e 60 foot
pattern from this higher focus is much larger as can be seen
by comparison of the picture of this pattern in Figure 5-11
to the 60 foot pattern under normal operation previously
shown in Figure 5-8.
5.2.4 Uniformitv of Intensity. - Using the three beam
irradiance crossections, the same series of calculations
as those described in section 5.1.4 were made.
The complete series of calculations for the configuration
focused at 15 feet were not made since the lens acceptance
angle could nSt be adjusted to operate in combination wit]-, the
revised focus. The energy angle accepted has far more effect
than the plane of focus selected.
The percentage of maximum radiant intensity_resulting over
the pattern for the two lens plate configuration focused
at infinity is as follows :
FEET FROM
MODULE
27-INCH
MODULE CENTERS
15.59 - INCH
.MODULE CENTERS
15 9o.4 5.8
30 47.2 8.1
60 7.4 3.9
On 27-inch centers the pattern is unacceptable until just
beyond the 30 foot distance from the module. The pattern would
be acceptable on 15.59-inch centers at approximately i! eet
from the module.
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A greater Energy half-angle must be accepted to provide
uniformity within the target specifications at the 20 foot
distance from the module with this configuration on 27 inch
centers. The very uniform intensity pattern with sharp edge
drop off produced by the individual module of this configuration
does create standing-wave patterns or intensity ripple
throughout the irradiated zone.
5 2.5 Soectral Uniformitv. - Spectral beam patterns and
deviations for the two lens plate configuration are graphed
in Figure 5-12. The beam patterns are based on runs #227, _229,
#231, and #323 which were all made at 30 feet from the module.
Local deviations across the beam have been almost entirely
eliminated by this configuration. While the deviations computed
for the U.V. and visible regions are still relatively high,
this result s, to a great extent, from making these measurements
on all energy down from the unbaffled configuration. The
deviation curves are pretty flat and removal of IR from throw-
out patterns would substantially reduce the level of these
deviations by increasing the percentages of UV and visible
energy in the total base pattern energy. Measurement data
would have to be taken on the baffled module or in the pattern
nearer to 60 feet to effectively separate the base pattern
energy.
5.3 One Lens Plate Configuration
No illustration of the one-plate configuration has been
included because this configuration is produced by merely
removing the second plate from the two-plate configuration which
5.3 cont.
was illustrated in Figure 5-7. Of course, the support
bars would be shortened and the final module would be
about 20 inches shorter•
5.3.1 Total Output. -
MEASURED TOTAL OUTPUT(WITHIN 7.5 ° ) 805 WATTS
PREDICTED TOTAL OUTPUT (WITHIN 7.5 ° ) 877 WATTS
Total flux brought down by this configuration measured in
runs #246, #253, and #267 was 805 watts. The absolute and
relative intensities along the beam radius are tabulated
in Table 5-3. The output of 805 watts compares with a
prediction of 877 watts. In the difference of 72 watts or
8.2% of prediction, several factors have been combined.
i. Total output of the reflectors was 20 watts
greater than predicted increasing the discrepancy
by approximately 18 watts after plate losses•
2. Prototype lens plate support losses were excessive
by approximately 50 watts
3. Energy tipped out of the view of the radiometer
would be approximately 45 watts.
The energy tipped outside 7.5 ° would still be lost using
molded lens plates and in fact would also apply on energy •
saved by eliminating the support structure. Therefore, the
output using a molded plate with the same lens design would
be 849 watts. It should be noted that there is no loss incurred
due to partial lenslets in this configuration•
5,3,2 Anqular Distribution, - As we have seen in section 3.3.11,
with this configuration, we are dealing with a relatively
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selective alteration of angular distribution in achieving
the final beam. Lower half angle energy is dispersed relatively
much more.
Final aperture runs were not made on this configuration nor
were calculations made across all angles as they were for
the reflectors-only configuration. Calculations for two zones
do, however, illustrate this selective dispersion. Although
in the resultant beam there is approximately 24 percent less
energy within 2 ° half-angle than in the energy received by
the plate there is in the beam only about 4 percent less energy
within 5° half-angle than in the incident energy. For this
configuration too, the predictions of module output for different
half-angles were based upon predicted angular distribution
data. With_ slightly higher total_ output distributed over wider
angles the comparison of approximate one-plate system performance
to that predicted would be:
HALF ANGLE
LIMIT
PREDICTED
WATTS OUTPUT
3 ° 624
4 ° 717
5° 796
WATTS MODULE
OUTPUT
501
626
716
5,.3.3 Beam Irradiance Cross ection0 - Figure 5-13 illustrates
the relative beam irradiance crossections for the one lens
plate configuration at the three distanceS_rom the module. These
plots are of the data previously included in Table 5-3. The
more rounded intensity peak with more gradual falloff are
most efficiently achieved with the one-lens-plate configuration.
5.3.4 Uniformity of Intensitv. - Again, using the three beam
irradiance crossections, the series of uniformity calculations
were made. The percentage of maximum radiant intensity deviation
5.3.4 cont.
to average array intensity resulting over the pattern for
the one-l_ns-plate configuration is as follows:
FEET FROM
MODULE
27-INCH
MODULE CENTERS
15.59 INCH
MODULE CENTERS
15 24.8 4.0
30 3.3 .6
60 1.0 .9
For this configuration the deviations are well within the
target specifications above 15 ft. on both 27-inch centers
and 15.59-inch centers. It is quite possible that it would
be advantageous in conjunction with other design considerations
to reduce the lens half-angle if the target uniformity is
adequate.
5.3.5 Spectral Uniformity, - Spectral beam patterns and
deviations for the one-lens-plate configurations are graphed
<
in Figure 5-14. The beam patterns are based On runs #253, _255,
#257, and #259 which were all made at 30 feet from the module.
This configuration produces a high degree of spectral
uniformity with the maximum deviation being 4.5 percent,
6 SOLARMODULEFUTURE
6.1 Summary of Program Results
In the course of this program, we have tested a number of
design concepts and mathematical models, and have found
thorough confumation of these concepts and models. We shall
summarize these concepts and models:
i. The use of the simplest system which will meet the
optical requirements.
2. The use of a segmented reflector system to collect
flux over a large range of angle _ and yet still
maintain a small enough module diameter for packing
multiple arrays and a large _nough mean _ for
obtaining a proper distribution of flux by angle
3. The use of one or two lenticular plates to shape the
beam as desired without introducing excessive loss
or chromatic qberration, and to integrate the
reflector output and destroy the adverse correlation
between ot and _ and between _ and _ or )<.
4. The use of a baffle system after the first lenticular p{_e
to control stray flux and prevent re-reflection.
5. The use of a soft beam profile so that modules
can be aligned with reasonable tolerances without
the danger of holes or excessive hot spots.
6. The use of a small module so that multiple arrays
can be used to extend intensity and/or operating life.
7. The use of a simDle symmetric disc model to reprezent
the arc.
8. The use of a distribution function _(_ to describe
the flux versus angle relationship.
6.1. cont.
9. The use of various mathematical techniques including
mapping techniques to find the new beam after each
tran sf orma t_on.
i0. The use of individual reflector segments to study
any given source.
In addition, we have developed a technique for automating certain
aspects of the measurements, and we have considered possible
further automation of these measurements.
The measurements made on the prototype support the mathematical
models very strongly, and the measurements and models state
clearly what can be accomplished with present sources and what
cannot be accomplished with present sources. The following
statements define these limits:
I. High module efficiency* (25 to 30 percent) can be
achieved with a small (7.5 inch) module radius.
*Efficiency as here used is total module output related
to total power input at the source, i
2. The target of 2°half-angle requires a larger module in
order to meet efficiency and uniformity targets.
3. Half-angle of 3 ° to 4 ° will allow the required efficiency
and will produce a uniformity far better than the
target specification.
4. The serious chromatic aberration often present in
solar modules can be essentially eliminated.
5. The module can be constructed with elements which lend
themselves to fabrication _at a reasonable cost on a production
basis.
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6.2 Specification of Simualtor Parameters
Specific performances of prototype configurations have
thoroughly confirmed the approach described for valuation
of the operating parameters for the module and to a great
extent for solar simulators more generally. Complete
summarization of the combinations of results of changes in
these parameters for all possible system configurations is far
beyond the scope of this program. However, the direct relationship
of efficiency with the angular distribution curve, of uniformity
with angular distribution, and similar direct relationships, -.....
when combined with the parameters peculiar to specific
configurations, begin to present a clear picture of alternatives
in the selection of a particular system to meet a given group
of requirements.
•%_ne results of this program provide a far sounder basis for
determining the degree of accuracy which is reasonable in the
simulation of each factor than has ever been available. The
task now at hand is the balancing of these factors to produce
specifications. This balancing must be accomplished in terms of:
i. Importance of parameter in relative to other
parameters affected.
2. Initial system cost and system operation costs.
3. Test requirements.
6.2.1 Total Output - Efficiency. - High efficiency is the
principle answer to holding down initial system cost and the
costs of operating the system which,in the longer run, can be
much more significant. Higher efficiency reduces the number of
modules required, reduces the number of lamps used and the amount
of power used, and reduces the excess heat which must be
removed at substantial cost in both initial equipment and
in operating power.
It is suggested that this parameter has too often been traded
off unwisely in over refinement of spectral distribution match
and overemphasis on small _o or _ . The criterion suggested
is that there always be a clear test requirement justification
before efficiency is significantly degraded in the refinement
of another factor.
6.2.2 Anqula r Distribution.- The angular distribution of flux
must first be smooth enough and, where necessary, broad enough
to produce the beam irradiance crossection required for
uniformity of irradiance. Once that requirement is satisfied,
the angular distribution must be no broader in order to avoid
excessive irradiance of areas which should be shadowed and
avoid increasing the problem to be dealt with at array edges,
6.2.3 Representative Module AdaDtationsL - Having generally
reviewed total 011tput and angular distribution, the most effective
approach is probably in the comparison of the approximate
characteristics of several representative module adaptations.
The characteristics for fourteen adaptations are tabulated in
Table 6-1. These adaptations range in efficiency (Watts output/
Power into lamp) from 20.5% to 33 ot.7, . Half-Angle within which
90% of the output energy is contained (_9o) range from 2.85 °
to 7.5 ° and the maximum half-angle of output energy (_%t)
ranges from 3.0 ° to 7.5 ° .
Adaptations 1 thru 4 illustate the range of the two !entlcular
plate configuration between_qo- 2.$5 ° and 4.74 ° . Adaptel is not
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practical, but adapt. 2 shows that the prototype will
successfully operate between 15 and 17 inch centers for 2
arrays which would be on square centers.
Adaptations 5 thru 7 present the range for the one lenticular
plate configuration between _Io of 3° and 5% Generally, the
one plate systems have outputs ii to 12% greater than the
comparable 2 plate systems and have the softer beam profile
resulting in much larger values of _ _/. It should not be
overlooked, however, that the _9o values of the one plate
adaptations range only from _5 ° to .26 ° above the comparable
2 plate adaptation and that only 10% of the energy is
included in the much wider range beyond _o.
Adapt. 8 compared to Adapt. 5 and Adapt. 9 compared to
Adapt. 1 illustrate the powerful leverage exercised by arc
size. As noted in the table footnote, the calculations for
the Xclamps are based on comparative size of arc based on
isobrightness data for the lamps related to comparable data
for the SAHX2500F. While there is every reason to believe
such a base is valid for comparison, these results should be
confirmed by actual lamp measurements.
Adaptations l0 thru 12 take the next step in showing the
advantages in higher output and smaller _ derived from the
lack of proportionate growth in arc size with growth in lamp
wa ttag e.
Adaptations 13 and 14 il!ustate the effect of increasing module
size while using the same source. In these adaptations the size
increase is achieved by elimination of multiple array capability.
b.Z_J conn. I
_,q_ile Table 6-1 is not exhaustive in @is coverage of
possibilities, a careful review of it especially in combination
with the preceding discussion of these parameters should give
a good grasp of the interacting parameter curves.
6.2.4 Beam Pattern and Uniformit V of Irradiation. - An array
of solar modules will not match the uniformity of solar
radiation. However, the requirement for uniformity has
probably been understated. For example, $_hat is the significance
of data on output or life of a solar cell on a space vehicle
if the solar cell may have been subjected to a 150% hot spot?
W_nere irradiation of small areas within the larger test volume
affects measurement data, a uniformity of something nearer
+ 10% from mean irradiance, tested with a one Inch diameter
sensor , would seem more reasonable. It might be noted that such
a specification alone would probably suffice.
As we have seen, the soft beam profile has the greatest
promise for higher degrees of uniformity.
6.2.5 Spectral Uniformity. - We have considered spectral
uniformity as an essential part of uniformity of irradiation
and spectral distribution match cannot be achieved without spectral
uniformity. Even where spectral match is imperfect, spectral
uniformity is very important. If an array does not have spectral
uniformity, then calculation of the effect of spectral mis-match
is not possible, for one would have to deal with a standing-
wave rainbow pattern throughout the test volume.
Including unformity by spectral regions under the same +10% from
mean irradiance, tested with a one-inch diamter sensor, would
seem reasonable•
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enter into the balancing of specifications to some extent.
Two further factors seem worth mentioning here.
Effective system running time is important since a space
mission can well exceed the life of avdilable sources. The
process of selectinglitself, however, shoul_ put emphasis on
its rated life and maintenance of output. The source must be
compatible with the module and it is recommended that the
initial module output intensity be on the order of 1.2 to 1.33
solar constants so that sources can be utilized to the
point of 80% or 75% maintenance of original output.
Spectral distribution match is the other factor and this depends
on the source spectrum and on the amount we are willing to
degrade efficiency by filtering to improve the match.
6.3 Complete Engineering Prototyoe
Once the balancing of test requirements and cost factors
has resulted in a set of simulator parameter specifications
attention must be centered on realizing an operating system
conforming to these specifications. The design adaptation
and construction of the complete engineering prototype
and its evaluation is the principal requirement in
accomplishing this end. A review of the requirements for the
complete engineering prototype and the program to produce
it seems in order.
6.3.1 Source Selection. - As we have seen, the flux source is
a critical component in the system and its selection warrants
first attention and thorough coverage. The short arc lamp is
the only source with any degree Of demonstrated capability,
through adequate data and history of operation, for continuous
duty application in the next few years.
Short arc sources should be evaluated using the prototyp_
reflector segments for zonal studies of contributions to
total flux, angular distribution of flux, and spectral
distribution. Arc size and effective life of the source are
two of the most important characteristics to be evaluated.
_lhile spectral distribution will be far short of that desired,
it would appear that lower UV content and higher contiuum of
the Xe lamp may be more desirable. .Evaluation of some larger-
wattage sources should be included.
The present automated measurement capability, which should
probably be extended somewhat, and the capacity for rapid
evaluation by zones will simplify this task greatly.
_.3.2 Reflector Adaptation. - The reflector system of the
prototype must then be adjusted in accordance with:
I. the selected source,
2. the selected _ limits,
3. the problem with reflector 4,
4. the advisability of offsetting reflector i,
4w
5. the selected method of sealing the module, and
6. the verification of slumped glass reflector performance.
6.3.3 Lenticular Plate Adaptation and Moldinq. - The new
lenticular parameters depend on the _9o and _a_ acceptable
and any beam pattern adjustments required by final module
array center-to-center distances. Checkout of lenticular
design can probably utilize the prototype lens plates with
the adjusted lenslets. These plates would then be molded once
all elements have been checked out.
6.3,4 Module seals. - Several methods of sealing the module
have been considered and should be investigated, including:
i. a single replaceable seal around the entire
plate,
2. four replaceable quadrant seals,
3. more than four plate sections sealed separately,
4. a permanent compensated, fusion seal of the plate
to the module fully tested over the full temperature
range prior to further assembly, and a removeable,
steel-flange, seal at another point on the module.
6.3.5 Housinq and Coolinq provisi0n. - Design of housing
configuration with provision for the seals and coolant fl_
must also be accomplished. Orientation of the module, that
is overhead or side array, mu_st be taken into account in this phase.
6.3.6 Arrav edqemodification. - The use of a modified
_KI_t
lenticular plate on modules at the array edge to reduce
losses and avoid the requirement for removal of unnecessary
heat load from the chamber should be very effective.
A prototype of this modification could utilize the prototype
lens plates with modified lenslets.
6.3°7 Power and control provision. Power supply, ignition,
and power regulation for the short arc source must be
provided for each module. Provision for monitoring and control
of the module should also be included.
6.4 Conclusions
This program has con_rmed the concepts and mathematical
models and thereby quantified the interrelationships between
parameters and described the limits on what can and cannot
be accomplished with present sources.
It is now required that the following parameters be balanced
and specified:
i. Irradiance range.
2. Uniformity including spectral uniformity.
3. Largest tolerable and or .
4. Array orientation (side or Overhead)
5. Spectral match
6. Running time requirements.
Based on th_separameters, it is recommended that a complete
engineering prototype be designed, fabricated, and evaluated.
The results of this program have demonstrated tha_t an array
of these modules will provide higher efficiency, will have
better Uniformity of irradiance including spectral uniformity,
will be more flexible, will provide longer running time, and
will have lower operating and initial cost, than any previous
solar simulator system has provided.
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Table 3
-i
TECHNICAL DATA FOR THE _STi_HOUSE _-2500F
MERCURY-XENON SHORT ARC LAMP
ORDERING ABE_VIATION -2 _(1)_x 5_
ELECTRICAL
Watts (lamp only)
Startir_ Current
_erating Curt ent
Operating Voltage
Ignition Voltage (short pulse-O.5 sec. max.)
Openc_c_t VoZ_e (,,,t,_._u_)
25o0
65-80Amperes,DC
50 + 5 Amperes,_C
5o 5
50_O00 Volts, peak
70 Volts, DC
NECH_.NICAL
Max. Ov-_'a.llLength (not including flexible wire leads)
Max. Bulb Diameter
Electrical Terminals
Arc Gap: lamp Cold
13 inches (330 ram)
2.68inches(68ram)
Flexible wire leads
6.0 + .2 mm
m
%,
__N_ _QUEE_ZS
Serating Po sition
Max. Allowable Seal Temperature
Cooling (Under usual conditions)
PERFOP_ANCE
Initial Radiatin_ Efficiency (Radiant Watts, 2000_
_7 75,000 _, from Arc 0nly )
Maximum Brightness
Average Brightness (Measured along canterline of
arc between Cathode and Anode)
Rated Average Life (@ 8 hours per start)
Output Maintenance at 400 hours
Vertic_ I@° (anode down)
450oc _
Normal Convection
25% (a_xo)
lO5Oc/ram2 (approx.)
500c/_ 2 (approx.)
200(3)
7o_ (:_) (2)
FOOTNOTES:
(I) The SAHX-2500C differs from the SAHX-2500F only in that is has two
mounting collars whereas the 3atter has noneo
(2) Temperature measured at the junction of the quartz glass and the
graded glass seal.
(3) Tentative-Subject to further testso
(4) Values up to 85% have been obtained duri_ limited tests to date.
Table 4 - 2
Instrument Model Nk 4
THE EPPLEY LABORATORY, INC.
SCIENTIFIC INSTRUMENTS
N EW PO RT, R. h
U.S.A.
FILTER FACTORS
AND
,FILTER LOCATION
Filter Wheel Markin_ A,,y6 ................
Wavelength
Position Limits
1
2
265- 298
276- 318
295- 332
323- 352
35o- 384
386- 423
415- 460
_15- 573
555- 600
60O- 800
800-1300
llO0-1900
B iank
3
4
5
6
7
8
9
i0
ii
12
13
Re fer enc e
Wavelength
270
292
312
335
365
4o5
435
55o
58o
7oo
i000.
15oo
Filter Factors
Source Mercury-Xenon , •
io .40
9.75
6.08
5.57
3.58
3.39
2.27
.64
1.91
3.69 I
1.89
2.4 6
Filter wheel is advanced by rotating in a counterclocl_ise direc-
tion as viewed from top.
Date of Test:23 Nove_foer 1964
The Epp!eyLab_ratory, Inc.
By: W. /J. Sc_zoles
Supervising Physicist
Newport, R. I.
Shipped to: Linear Inc.
823 _merson
EvanstOngopill •
IN CHARGE OF TEST.
_. _. c_ri_'in
Senior Scientific Assistant
Date : 25 -_:'_....v e.,.o_._^_ 1964 S.O. 12085
• THE EPPLEY LABORATORY. INC.
SCIENTIFIC INSTRUMENTS
NEWPORT, R.i.
U.S:A.
FILTER FACTORS
AND
FILTER L0C ATION
Instrument Model M_ TIT Filter Wheel Marking, _
Position
Wavelength
Limits
Reference
Wavelength
I_ilter Factors
Source HE Yennn
1 1500-2250 m_ 1850 n_ 2.84 (B-12)
2 1850-2400 2100 2.11 (C-12) "
3 2300-2800 2550 4.92 (D-12)
4 RG8 Cutoff 687 1.11
5 UGil 265-384 m,_ 325 _I_.5_ /,_D
6
7
,
9
10 "
ll
12
13'
Filter wheel is advanced by rotating in a
tion as viewed from top.
Date of Test: 15 March 1965
The Eopley Laboratory, Inc.
By: U. J. _c_oles
Supervising Physicist
Newport, R. I.
Shipped to: Linear Inc.
823 _huerson
Evanston, Ill.
60201
• , °
i ,. . i i
/ direc-
IN CHARGE OF TES_, " .,,
:
Gri'  in
Senior ScientificAssistant
Date: !5 March 1965 s.o.13o82
Radius
(Inches)
0
2
3
4
6
8
9
10
12
14
15
16
18
'20
21
22
24
27
3O
33
36
42
48
54
6O
66
5 -3.
•, Beam Intensity Pattern--Reflectors Only
i '
Watts Per Square Foot
15 ft. (a) 30 ft.
852
696
539
383
234 •
w
152
100
54
40
29
21
15
9
3
1
331
244
164
129
97
52
3O
21
16
13
11
9
8
3
60 ft.
96
64
45
33
18
10
7
4
3
3
2
1
(a) Measurements in feet indicate distance from module.
Relative Intensity
i
i5 ft. (a) 30 ft. 60 ft.
100
82
e_
63
45
27
18
12
6
5
3
3
100
74
49
39
29
16
9
5
4
3
3
2
1
]oo
67
47
34
19
11
7
5
4
3
2
1
Table 5 - 2
Beam Intensity Pattern--Two Lens Plates
Radius
(Inches)
0
2
3
4
6
8
9
10
12
14
15
16
18
2O
21
22
24
27
30
33
36
42
48
54
6O
66
Watts Per Square
i i
15 ft.(a) 30 ft.
324
334
325
239 85
187
- 84
119
80 83
49 '_-
- 69
28
14 46
11
- 28
8
4 12
2 4
- 4
- 4
- 3
- 2
Foot
60 ft.
86 23
88
22
21
21
21
21
15
4
1
Relative Intensity
15 if, (a)
i
100
1O3
1O0
74
58
37
25
15
4_
30 ft.
100
101
98
97
96
79
53
32
14
5
4
4
4
2
60 ft.
leo
96
93
93
93
94
68
17
2
(a) Measurements in feet indicate distance from module.
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Beam Intensi_ Pattern--One Lens Plate
Radius
(inches)
i
0
2
3
4
6
8
9 ,
. 10
12
14
15
16
18
2O
21
22
24
27
30
33
36
42
48
54
6O
66
Watts Per Square Foot Relative Intensity
15 ft. {a)
I| I
211
202
184
163
141
113
87
65
47
3.O
17
9
5
1
D
(a) Measurements in feet indicate
30 ft.
66
65
63
59
53
45
38
32
25
19
14
11
8
3
1
60 ft.
i
19
m
m.
18
17
16
m
14
12
10
8
6
4
2
15 ft. (a)
100
96
87
77
67
54
41
31
22
14
8
100
.,.. 99
95
90
8O
69
58
48
38
29
22
16
11
5
1
Ilstance from module.
60 ft.
i
IO0
99
94
86
76
65
54
. 42
..:31
21
11
2
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LIBERTYMIRROR DIVISION LIBBEY-OWENS-FORDGLASS COMPANY
Front Surface Aluminum Mirror No. 747
Spcctrophotometric curve shown in the visible region
is measured at normal incidence.
Rdl cti0n
Hardness
No evidence of film removal or film abrasion shall
be visible to the eye when the following test is applied:
Test: A pad of clean dry cheese cloth (previously
laundered) s_ inch in diameter, ½ inch thick,
bearing with a force of one pound on the
coating sllall be rubbed across the coated
element in any direction 25 times.
Note: During the above test, fare should be exer-
cised to prevent contaminating abrasives
contacting the coated surface causing slight
sleeks.
Wave length in millimicrons
*When the coated element is used at angles other than normal, curve peaks
will shift toward shorter wave lengths (down scale). This variation is
dependent an degree Of angularity from normal incidence.
SPECIFICATION No. 1050
Reflectivity
The mirror shall have not less i.han 88% total re-
flectivity for light in the visible region as measured
with a Weston photronic cell with a Viscor filter and
a tungsten lamp supplying light at an angle of inci-
dence of 22.5 °. The coating has high reflectivity in
the ultra-violet region.
Adherence
No visible part of the mirror coating shall be re-
moved by the cellulose tape test described here:
Test: The tacky surface of cellulose tape shall be
carefully placed in contact with a portion of
the mirror surface and firmly rubbed against
that surface. It shall then be quickly removed
with a snap action which exerts the greatest
possildle stripping action on the mirror film.
Corrosion Resistance
There shall be no noticeable deterioration of the
finished mirror when given the salt aunosphere test
described here:
Test: The mirror shall be placed in a thermostati-
cally controlled cabinet with a salt atmos-
phere for 24 continuous hours at a tempera-
ture of 95.°F. The salt atmosphere shall be
obtained by allo_ing a stream of air to
bubble through a salt solution containing I
pounds of sodium chloride per cubic foot of
water.
Effect of Temperature
The coating shall function satisfactorily and shall
not be damaged by exposure to an ambient tempera-
ture of minus 60°F and plus 500°F.
REVISION C-63 6
Figure 4 - 2
THE EPPLEY LABORATORY, INC.
SCIENTIFIC INSTRUMENTS
N [W PO RT, R.I.
U.S.A.
STANDARDIZATION
OF
EPPLLX RADIOMETER FOR USE AT
HIGH RADIANT FLUX DENSITIES IN VACUUM SYSTEMS
(incorporating a temperature compensating thermistor circuit)
Model Mk liI Serial No.: 6897-D Resistance 350 ohms at 25 °C
This radiometer has been compared with the Eppley group of reference
standards, at a radiation intensity of (approximately)
76 w ft'2 and at an average temperature of 20 °C.
As a result of this comparison, the enclosed calibration curves
were derived.
The vacuum curve is applicable at ambient pressures of 10"4mmHg
and below.
The circuitry of the temperature compensator has been adjusted to
afford best compensation over a range of ambient temperature of
+I0 to +50 ° C.
Date of Test:
J
20 November 196L_
The Eppley Laboratory, Inc.
By: ?_. J. Scnoles _"/'.___
_upervising Physlcist
Newport, R. I.
IN CHARGE OF TEST,
F. _J. Griffin
Senior Scientific Assistant
Shipped to: Linear Inc.
823 Emerson
Evanston, Iii.
60201
Date: 25 i<ovember 196L S.0.12083
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Lamp Current: 50 + 5 Amperes
Direct Current Supply with Current Ripple
5 per cent maximum recommended.
Operating Position: Vertical, Cathode Up
fT.': "_ POS ITI VE. ELF-C'I'_IC_tL -f'EF_,vIII'J_L
_J * "-"-- (HOLE. FOR. 10-3Z "_oL'r)
WESCT_GHOUS'_"_.TT.C_TC CORP.
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POLAR RADIATION DIAGRAM
SAHX-2900F Mercury-Xenon Lamp
,. /to
Oute_ curve is total radiation.
Inner_curve iS electrode and
bulb radiation only.
Arc radiation is obtained
from the dlfferen_e between
the curvese
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Figure 5 - 7 Beam Intensity Pattern--One Lens Plate
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Control Console and X-Y Plotter ?! .? :ye  4 - 7 
F! 7 .* ." <z '' - c; Radiometer Mounted on Cart 
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Beam Pattern at 60 Feet with Two Lens Plates Figurc 5 - 
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